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 NOTATION INDEX 
AEM   Anion exchange membrane 
CDW   Cell dry weight 
DM   Dry matter 
CA   Citric acid 
Ce   Cerium 
CE   Coulombic efficiency 
CEM   Cation exchange membrane 
EC   Electrochemical cell 
Eeq   Equilibrium potential 
EXAFS   Extended X-ray Absorption Fine Structure 
FT   Fourier transform 
G+   Gram-positive 
G-   Gram-negative 
ICP-OES  Inductively coupled plasma optical emission spectrometry 
La   Lanthanum 
LB   Lysogeny broth 
MBR   Membrane bioreactor 
Nd   Neodymium 
OTU   Operational taxonomic unit 
PBS   Phosphate buffered saline 
PCA   Principal component analysis 
Pd   Palladium 
PGM   Platinum group metals 
PM   Precious metals 
Notation index 
ii 
Pt   Platinum 
REE   Rare earth elements 
SBR   Sequential batch reactor 
SEM   Scanning electron microscopy 
SHE   Standard hydrogen electrode 
SN   Supernatant 
TEM   Transmission electron microscopy 
Th   Thorium 
WW   Wastewater 
XANES   X-ray Absorption Near Edge Structure 
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GENERAL INTRODUCTION 
  
 
 
 
 
 
 
 
 
 
‘When we try to pick out anything by itself, we find it hitched to everything else in the universe.’ 
John Muir 
As America’s most famous naturalist and conservationist, he fought to preserve wilderness, 
resulting in the creation of Yosemite, Sequoia and Grand Canyon National Parks. 
 
 
 
 
 
 
 
Fairphone, ‘Urban Mine’, Fairphone Urban Mine at Lowlands 2011 (Fairphone©) 
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 CHAPTER 1 
GENERAL INTRODUCTION  
ON THE BIOLOGICAL RECOVERY OF CRITICAL METALS 
Parts of this chapter are redrafted after: 
Hennebel T., Boon N., Maes S., and Lenz M. (2015) Biotechnologies for critical raw material 
recovery from primary and secondary sources: R&D priorities and future perspectives. New 
Biotechnology 32 (1), 121-127. 
Zhuang W., Fitts J.P., Ajo-Franklin C.M., Maes S., Alvarez-Cohen L., and Hennebel T. (2015) 
Recovery of critical metals using biometallurgy. Current Opinion in Biotechnology 33, 327-335. 
1. Societal challenges: metal scarcity 
The current world population growth combined with the increasing standard of living has put 
the Earth under pressure, which strikes every world economy in different ways. As a reaction, 
the European Union defined its current main societal challenges, on which research and 
innovation needs to be focused, to secure Europe’s global competitiveness. These main 
challenges include; (1) health care, wellbeing and demographic change; (2) food security, 
sustainable agriculture and forestry; (3) secure, clean and efficient energy; (4) smart, green 
and integrated transport; (5) climate change, resource efficiency and resource scarcity; (6) 
inclusive, innovative and reflective societies; and (7) secure societies (EU 2016). Lowering the 
metal scarcity is part of challenges 3, 4 and 5. The current ever-increasing urge to consume 
combined with increased product complexity has led to an explosion in the demand for many 
materials, inducing scarcity for some metals (Figure 1-1). The EU is highly dependent on the 
import of raw materials and wants to secure the supply of these resources, to tackle resource 
scarcity. Two groups of high-tech metals are characterized by an increased use and supply risk: 
platinum group metals (PGM) and rare earth elements (REE). Metals from these groups are 
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crucial for the development and application of green transport, clean energy and high-tech 
products, and are therefore focused on in this doctoral work. 
 
Figure 1-1: Element intensity in energy-related products and pathways over the past 
centuries (Zepf et al. 2014). 
1.1 PGMs and REEs: increased use and importance in modern day 
technologies 
1.1.1 Platinum group metals 
The platinum group metals consist of ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium 
(Os), iridium (Ir), and platinum (Pt) and are described by a range of unique chemical and 
physical properties. PGMs are characterized by high catalytic activities, a high resistance to 
corrosion and oxidation, high melting points and a good electrical conductivity (Xiao and 
Laplante 2004). They are classified both as noble and precious metals, respectively due to their 
high resistance and their overall scarcity and low average concentration in the Earth’s crust 
(Glaister and Mudd 2010). These characteristics open up a broad range of industrial 
applications. PGMs are extensively used as catalysts in the chemical industry, in catalytic 
exhaust gas converters, in glass industry, in hydrogen fuel cells and electronic components 
(Glaister and Mudd 2010; Xiao and Laplante 2004). Furthermore, platinum and palladium are 
used in the manufacture of jewelry and as financial investment (Rao and Reddi 2000). 
Platinum based medical drugs, such as cisplatin and carboplatin, are applied in the treatment 
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of cancer (Ravindra et al. 2004). The availability of platinum thus influences the societal 
challenges of climate change, green transport and health care. 
The introduction of catalytic converters in the automotive industry in mid 1970s in the USA 
and in 1980s in Europe, to cut increasing harmful exhaust gas emissions, increased the 
demand for PGMs considerably (Dubiella-Jackowska et al. 2009). A traditional three-way 
catalyst contains on average 2.4 g Pt, Pd and Rh (ratio 67:26:7) and converts CO, hydrocarbons 
and NOx to harmless emissions (Xiao and Laplante 2004). In total, about 100 tonnes of 
platinum and 230 tonnes of palladium were used in the production of automotive catalysts in 
2014, accounting for 40% of the world Pt and 50 - 67% of the world Pd demand yearly (Sykora 
2014; Zepf et al. 2014). The world Pt primary mining has increased ever since the introduction 
of the automotive converters until 2006, followed by decreasing production rates during the 
past decade due to, among others, labour disruptions in South African mines (Figure 1-2) (Zepf 
et al. 2014). The platinum price increased steadily until 2008, when the price started dropping 
due to the global financial crises and a reduced demand from the automotive sector. The price 
of this precious commodity rebounded until a maximum level of 55 $ g-1 was reached in 2011 
(USGS 2016c). During the past few years the Pt price has dropped again, correlating with the 
decline in the Euro currency and related lowered vehicle sales in Europe (Nasdaq 2015). 
 
Figure 1-2: Evolution of price and primary mining of platinum since 1985 (USGS 2016a). 
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1.1.2 Rare earth elements 
The rare earth elements include the fifteen lanthanides, as well as scandium and yttrium. The 
REEs are divided into two groups based on their atomic structure; the light rare earth elements 
(LREEs) include lanthanum, cerium, praseodymium, neodymium, promethium, samarium, 
europium, and gadolinium, and the heavy rare earth elements (HREEs) comprise yttrium, 
terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium (Zepf et al. 2014). 
REEs are crucial building blocks in key technologies to provide sustainable mobility and energy 
supply in the transition to a green, low-carbon economy (facing the societal challenges of 
clean energy, green transport and climate change) (Alonso et al. 2012; Binnemans et al. 
2013b). They are becoming increasingly important for their critical functionality, based on 
their magnetism, fluorescense, and superconductivity, in a wide range of applications 
(Nancharaiah et al. 2016). Lanthanum is essential in battery storage, as it is contained in nickel-
metal hydride batteries (NiMH), which are widely used in electric and hybrid cars. This low-
carbon vehicle fleet, together with electric bicycles, also employs REEs-based permanent 
neodymium-iron-boron magnets (NdFeB), containing praseodymium, dysprosium or terbium 
(Binnemans et al. 2013b). For example, a Toyota Prius contains about one kilogram of 
permanent magnets, comprising about 30% Nd and 5% Dy (Zepf et al. 2014). NdFeB magnets 
are also essential in some direct-drive wind turbines, shown by the need for 200 kg of Nd per 
megawatt of generating capacity in wind mills (i.e., capacity of a mid-sized wind turbine) (Zepf 
et al. 2014). Some REEs are also used in catalysts and high-efficiency light bulbs and display 
panels. Besides, REEs are used in all areas of life, for both magnetic and non-magnetic 
applications, such as MRI scanners, speakers, ceramics, and many more (Binnemans et al. 
2013b; Zepf et al. 2014). 
The transition towards a lower-carbon economy has increased the demand and resulting 
world production of REEs steadily during the past two decades, until a level of about 124 000 
tonnes in 2015 (Figure 1-3) (USGS 2016c). Despite their crucial role in modern day 
technologies, most REEs are still characterized by a low market value. However, prices 
drastically increased in 2010 and 2011 due to tightened export quota by China, which is the 
main REEs producing country, but decreased again to past price levels under the influence of 
illegal REEs production (USGS 2016c). Currently, neodymiumoxide and lanthanumoxide are 
valued around 40 $ kg-1 and 2 $ kg-1, respectively (USGS 2016c). More precious REEs include 
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dysprosium (230 $ kg-1 Dy2O3 in 2015; max 1410 $ kg-1 in 2011), europium (150 $ kg-1 Eu2O3 in 
2015; max 3790 $ kg-1 in 2011) and terbium (450 $ kg-1 Te2O3 in 2015; max 2810 $ kg-1 in 2011) 
(USGS 2016c). 
 
Figure 1-3: Evolution of the total primary mining of REEs and the price of Nd and La since 
respectively 1991 and 2001 (USGS 2016b). 
1.2 Primary mining and availability 
Metals are essential to modern day society but are non-renewable resources; the mineral 
deposits are finite, unequally distributed in the world and moreover, deposits have been 
shrinking due to the metals’ popularity (Nancharaiah et al. 2016). Metals can be recycled 
infinitely, making the valorization of waste unquestionable. A sustainable supply and 
management of the metals need to be developed to optimize the life cycles of these precious 
raw materials (Hageluken and Meskers 2010). 
1.2.1 Platinum group metals 
South Africa is the world’s largest PGM producer, thanks to its large PGM resources in the 
Bushveld Complex, accounting for 70% of the world’s platinum primary mining in 2015 (Jha et 
al. 2013; USGS 2016c). Other countries, such as Russia, Zimbabwe and Canada, contribute to 
a much smaller extent; each produced respectively 13%, 7% and 5% of the global Pt primary 
mining. According to the U.S. Geological Survey, South Africa contains 95% of the global PGM 
reserves, estimated at about 66 000 tons of PGMs in total, and including 6 000 tons Pt reserves 
in the Bushveld (USGS 2016c; Zepf et al. 2014). PGMs are mined either as primary minerals in 
PGM dominant ores, with Pt being the current production driver, such as in the Bushveld 
complex in South Africa, or otherwise as byproducts in mainly Ni-Cu dominant ores, for 
example in the Norilsk complex in Russia (Glaister and Mudd 2010; Hageluken and Meskers 
2010; Xiao and Laplante 2004). Figure 1-4 illustrates the coupling of major and minor metals 
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in metal mining operations, depending on the target mineral ore. The coupled extraction 
steers the production rate of the major metal, determined by its total intrinsic value and 
market demand, while constraining the supply of the minor metals (Hageluken and Meskers 
2010). This might lead to a structural scarcity of some minor metals. PGM ore grades are 
typically low, in the range of 2 – 15 g ton-1 PGMs, and have shown to decline but are expected 
to stabilize around 3 – 5 g ton-1 (based on South African data) (Glaister and Mudd 2010). The 
low ore grades result in energy intensive processing and the production of large volumes of 
mine waste, which need appropriate pro-active management and processing (Glaister and 
Mudd 2010). While the South African mining sector has been affected by strikes and electricity 
generating shortfalls, the Russian production has been strongly politically influenced (Glaister 
and Mudd 2010; Zepf et al. 2014). 
 
Figure 1-4: Schematic representation of the coupling of major and minor metal production 
(Hageluken and Meskers 2010). 
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1.2.2 Rare earth elements 
Despite their name, REEs are relatively abundant in the Earth’s crust (up to 60 ppm for Ce) 
and their deposits are found in many countries. Still, concentrated deposits are rarely 
discovered, making it economically challenging to extract (EPA 2012; Zepf et al. 2014). The 
global REEs supply is presently dominated by China, providing 85% of the world primary 
mining in 2015, although China only possesses 42% of the world reserves (USGS 2016c). 
Second comes Australia, being responsible for only 8% of the REEs primary mining in 2015. 
The USGS quotes global REEs reserves of about 130 million tons (USGS 2016c). China’s 
restrictions on REEs exports, the rising prices and the increasing demand induced the 
exploration and development of several new rare earth mining projects. Examples are the 
reopening of the Mountain Pass mine in California in 2012, which was shut down in 2002, and 
the opening of the large Mount Weld mine in Australia in 2013 (EPA 2012; Zepf et al. 2014). 
Increased awareness and concern on the sustainable supply of REEs have inspired Japan and 
companies such as Toyota and Siemens to search for alternative REEs suppliers (Zepf et al. 
2014). However, recent price declines have been threatening REEs mining projects and already 
caused the suspension of mining activities of the Mountain Pass mine in October 2015 (USGS 
2016c). REEs are primarly mined from bastnäsite and monazite deposits, which are 
respectively carbonate-fluoride and phosphate based REEs ores (USGS 2016c). Deposits 
always contain several REEs, imposing the need for co-mining (Alonso et al. 2012). Processing 
of REE ores and the separation of individual REEs are technically challenging and energy and 
chemical intensive (Zepf et al. 2014). Mining and processing of monazite ores require 
additional measures, due to the possible presence of the radioactive elements thorium and 
uranium (Brisson et al. 2016; Zepf et al. 2014). In China, the intensive mining, limited 
environmental regulations and ongoing illegal mining cause severe environmental damage 
(EPA 2012; Zepf et al. 2014). 
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1.3 Criticality 
Large world economies, such as the European Union, the US and Japan, are increasingly 
confronted with potential shortages of critical raw materials, which are characterized by a 
high risk of supply shortage that would result in adverse impacts on the economy. In the EU 
alone, at least 30 million jobs depend upon access to raw materials (EC 2013). A survey of 69 
leading companies from different manufacturing industries, executed mid 2011, underlined 
that scarcity of raw materials was perceived as an increasing risk by industry in the coming 5 
years (PWC 2011). The past years have been characterized by volatility in metal commodities. 
This was due to changes in global supply and demand patterns as well as short term shocks in 
key commodity and raw material markets (EC 2011). Criticality in the nearest future (10 years) 
is less determined by the overall global reserves of materials (i.e., geological scarcity), but 
more by changes in the geopolitical–economic framework, which impact supply and demand 
(such as export restrictions) (EC 2014). This is driven by the unequal distribution of critical raw 
material reserves, leading to single countries producing a vast majority of one raw material 
(for instance China that dominates the REEs market) (EC 2014). 
As a consequence, the European Union defined a list of 20 critical raw materials that includes 
bulk metals, industrial minerals, platinum group metals and rare earth elements (Figure 1-5; 
BOX 1) (EC 2014). One of the most powerful forces influencing their economic importance is 
the growing demand for these materials by emerging low-carbon energy technologies. In a 
similar review conducted by the US Department of Energy, five REEs (dysprosium, terbium, 
europium, neodymium and yttrium) were identified to be critical to the development of 
‘clean’ emerging energy technologies (USDOE 2011). Graedel et al. (2015) studied the 
criticality of these metal groups and its contributing factors in detail, by assessing the supply 
risk, environmental implications, and vulnerability to supply restriction of each metal. For 
example, platinum’s extensive and crucial use in many applications makes the metal highly 
vulnerable to supply restrictions. Furthermore, platinum’s primary mining is environmentally 
taxing (e.g., terrestrial acidification, ecotoxicity) and its deposits are geopolitically highly 
concentrated, endangering the supply to other regions (Graedel et al. 2015). As another 
example, REEs are mainly mined as byproducts and, together with the dominance of China on 
the REE production market, this has led to a moderate supply risk (Graedel et al. 2015; Nassar 
et al. 2015). 
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These reports along with further analyses (Binnemans et al. 2013a; Binnemans et al. 2013b) 
highlighted the inevitable need for metallurgical research to develop efficient methods to 
recover these critical materials, with specific focus on PGMs and REEs. The criticality of these 
materials is pushing society to expand the capacity to mine and extract these materials from 
primary ores and concentrates as well as to optimize recovery and recycle from residues and 
scrap from preconsumer products, end-of-life consumer goods, and landfilled waste streams 
(Binnemans et al. 2013a; Binnemans et al. 2013b). Biotechnology has the potential to play an 
important and complementary role in these activities. Biotechnological processes can be 
developed to recover critical metals from especially low-concentrated diluted streams that 
cannot be treated by conventional metallurgical technologies in an economically viable way. 
Therefore, this doctoral work will explore the potential of different biotechnologies for the 
recovery of PGMs and REEs from secondary resources and residues. 
 
Figure 1-5: The critical raw materials, as defined by the European Union, are characterized 
by both a high economic importance and a high supply risk and are highlighted in the upper-
right corner on the plot (EC 2014). 
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BOX 1: KIC RAW MATERIALS 
The European Institute of Innovation and Technology (EIT) was established in 2008 to enhance 
Europe’s ability to innovate and to stimulate the promotion of a more innovative and 
entrepreneurial culture (EIT 2016b). The EIT coordinates efforts across disciplines to tackle some of 
its greatest challenges and raises Knowledge and Innovation Communities, KICs, on selected 
challenging themes (five KICs are established so far while two new calls are launched in 2016). These 
communities connect higher education institutions, research labs and companies within dynamic 
cross-border partnerships, to stimulate the exchange of knowledge, information and skills, the 
development of innovative products and services, the startup of new companies and the training of 
new entrepreneurs (EIT 2016b). The EIT Raw Materials, started in 2014, wants to turn Europe’s 
current raw materials dependence into a strategic strength for Europe. Therefore, the consortium 
has stated three strategic objectives; (i) securing the raw materials supply, (ii) designing solutions 
and (iii) closing the materials loop. The EIT on Raw Materials has defined six Knowledge and 
Innovation themes (after (EIT 2016a)). This doctoral work will contribute to themes 3 and 4, by 
investigating the biological recovery of critical metals from low-concentrated wastewaters, process 
streams, and residues. 
1. Exploration and resource assessment of Europe’s raw materials: identifying ore bodies, 
residue stocks and landfills. 
2. Mining in challenging environments: including the development of innovative and 
sustainable mining solutions, e.g. for unexploited areas such as the sea bed. 
3. Increased resource efficiency in mineral and metallurgical processes: enabling treatment of 
more complex and lower grade resources, valorize waste and residues and handle the 
impurities due to recycling. 
4. Recycling and material chain optimization for end-of-life products: boosting reuse and 
recycling along all steps of a product’s life cycle. 
5. Substitution of critical and toxic materials in products and for optimized performance: 
addressing the criticality by evaluating substitution alternatives. 
6. Design of products and services for the circular economy mised performances: aiming at the 
reduction of material intensity and at innovation through the life extension of products, their 
maintenance, reuse, remanufacturing and recycling. 
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2. The circular economy: maximizing metal recovery 
A linear unsustainable economic model of resource consumption, based on the ‘take-make-
dispose’ principle, characterizes our current industrial economy (MacArthur 2014). 
Companies mine natural resources at increasing rates, manufacture and sell high volumes of 
products, which are being used and discarded, losing most of their intrinsic energy and 
materials (Stahel 2016). This consumption-driven linear model is reaching its physical 
boundaries, indicated for example by the rebound effect on eco-efficiency, as the 
improvements on energy and resource efficiency have paradoxically led to an even increased 
consumption of materials and energy (MacArthur 2014). This linear system plunders the 
Earth’s resources while piling up large amounts of waste, and lacks a long-term vision on a 
sustainable future. Nowadays, many companies start realizing that this economic model 
increases their dependence on and vulnerability towards supply disruptions and increasing 
resource prices (MacArthur 2014). A circular economy offers an alternative, sustainable 
economic system that aims at the maximal preservation of the utility and value of products, 
materials and components (MacArthur 2014). The system wants to be able to restore and 
regenerate itself by intelligent design and focuses on closing the loops in industrial 
ecosystems, in both a biological and technical cycle, and eliminating waste (Figure 1-6) 
(MacArthur 2014; Stahel 2016). The reuse, repair and remanufacturing of goods save energy 
and resources, reduce waste production, and locally create skilled jobs (Stahel 2016). Besides, 
old products can be recycled into new resources. Furthermore, companies will often retain 
ownership of their products and its resources as products will rather be leased, rented or 
shared. By doing so, companies secure their future resource supply at prices from the past 
(Stahel 2016). To implement high-level recovery and to maximize value at all times, new 
technologies will need to be developed (Stahel 2016). 
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Figure 1-6: Closing the resource loops in a circular economy (Stahel 2016). 
2.1 Design of a metallurgical toolbox for effective recovery 
Effective recovery systems are crucial to the development of a circular economy and to ensure 
a sustainable and secure supply of critical metals (Hagelüken 2012). Resource losses need to 
be reduced and recovery needs to be maximized along all steps of a metal’s lifecycle, aiming 
at a zero waste life cycle (Figure 1-7) (Hagelüken and Lox 2013; MacArthur 2014). Metal 
containing process and waste streams are created along all steps; during mining and 
processing activities of primary ores, in product manufacturing, during the actual use of the 
products and as the spent products themselves. Next to sustainable primary mining, a proper 
management and treatment of these streams is necessary to avoid environmental 
contamination and to reduce the metal’s impact but should simultaneously be coupled with 
an effective recovery of the valuable raw materials. 
Interesting secondary resources for metal recovery include mine tailings from primary mining, 
metallurgical slags from primary and secondary metal production, process and waste streams 
from metal production and product manufacturing and ashes from incineration processes. As 
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conventional pyro- and hydrometallurgy do not suffice to tackle these lower concentrated 
streams, a series of metallurgical tools needs to be developed, including both new innovative 
and already existing technologies. Projects such as MetGROW Plus and IWT SIM Mares give 
an overview of the state-of-the-art technologies for metal recovery and the potential of 
biometallurgical technologies. Appendix 1-1 gives the flow sheet of Cu bioleaching and Cu 
production processes. A metallurgical toolbox should be designed to optimally combine pyro-
, hydro-, electro-, bio-, solvo- or ionometallurgical technologies to maximize metal recovery 
and meanwhile valorize the residual matrix. The toolbox needs to facilitate the design of 
innovative and tailored flow sheets across the full value chain, combining technologies to (1) 
pretreat the stream, (2) extract and recover the metals, and (3) valorize the residual matrix. 
This system approach has to result in the selection of the most cost-effective, environmentally 
friendly and sustainable combination of technologies for a given resource. Due to its 
interdisciplinary character, this holistic, zero-waste approach will drive industrial symbiosis. 
 
Figure 1-7: A representation of the life cycle of a metal and the opportunities for metal 
recovery and for the reduction of metal losses (dissipation) along all steps (Hagelüken and Lox 
2013). 
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2.2 Biometallurgy 
One of the interesting and newly developing technology domains is the field of biometallurgy. 
Biometallurgy is a term used to describe biotechnological processes that involve interactions 
between microorganisms and metals or metal-bearing minerals (Hennebel et al. 2015). 
Biomining and bioremediation have been the two most studied branches in the 
biometallurgical field, and are employed worldwide at large scales. Biomining (or bioleaching) 
facilitates the extraction and recovery of metals from ores and waste materials (Johnson 2014) 
while bioremediation focuses on the removal or immobilization of hazardous contaminants 
such as radionuclides and heavy metals from contaminated sites (Gadd 2000). Beyond these 
established technologies, biometallurgy has the potential to make innovative contributions to 
a sustainable and circular economy, especially to the recovery of critical metals (Nancharaiah 
et al. 2016). Worldwide changes in metal cycling have opened up a plethora of opportunities 
and challenges for biometallurgical technologies (Figure 1-8). Compared to conventional 
metallurgy, biometallurgical processes are mainly low-cost, have low energy and chemicals 
consumption and create small volumes of waste (Cui and Zhang 2008). 
 
Figure 1-8: Biometallurgical technologies can play a crucial role in the recycling of critical 
metals (Zhuang et al. 2015). 
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2.3 Different biological pathways and ongoing interactions 
2.3.1 Biosorption 
Naturally occurring microbes can sorb a variety of PGMs, REEs and heavy metals, including Pt, 
Fe, Ni, Cu, Zn, Pb, Cu, Pd, Ag, Cd, Pt, Au, and Hg, with binding capacities typically on the order 
of 10-5 – 10-3 mol metal g-1 (dry wt) microbe (e.g., (Gadd 2009; Moriwaki and Yamamoto 2013; 
Vijayaraghavan and Yun 2008)). This originates from their small size and different structures 
on their surface, leading to very high specific surface areas (> 100 m2 g-1 biomass) (Fein et al. 
1997). Biosorption of metals to microbes can involve a variety of processes, including  
adsorption, ion exchange, complexation, and precipitation (Gadd 2009; Moriwaki and 
Yamamoto 2013). These processes are critically regulated by the chemical groups present on 
the extracellular surfaces of microbial cells, such as carboxyl, amine, phosphoryl, hydroxyl, 
carbonyl, and thiol moities, providing some selectivity to sorb metals (Davis et al. 2003). 
Since these groups are naturally present on the surface of the microbial cells, biosorbents do 
not require functionalization as for conventional sorbents (e.g., activated carbon). 
Furthermore, microorganisms can grow in complex structures such as biofilms and granules, 
attached to each other by means of gel-like molecules such as polysaccharides, alginates and 
other biopolymers (Flemming and Wingender 2010; Gao et al. 2011; Seviour et al. 2012). 
These biomolecules contain additional functional groups in their structure (especially carboxyl 
groups) increasing available sorption sites. Biosorption thus offers cost effective sorption 
materials produced from naturally abundant and/or waste materials (Gavrilescu 2004). 
Biosorption has a long tradition in bioremediation but has only recently been suggested for 
the recovery of valuable materials, for instance for ruthenium (Kwak et al. 2013), gold (Colica 
et al. 2012a), palladium and copper (Creamer et al. 2006), indium (Okajima et al. 2008) and 
rare earth elements (Moriwaki and Yamamoto 2013; Okajima et al. 2010; Texier et al. 2002). 
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2.3.2 Bioreduction and bioprecipitation 
The natural ability to form intracellular, solid materials from dissolved precursors is present in 
all three domains of life (archaea, bacteria and eukarya), thus offering a wide field for 
biotechnological exploitation. The intracellular formation of metal precipitates is generally 
highly controlled, producing uniform particles with defined crystallinity and particle 
morphology (Frankel and Bazylinski 2003; Lang et al. 2007). Associated organics to such 
particles confer particular physicochemical properties, such as surface charge and reactivity. 
Inferred from the multitude of recent studies on diverse nanomaterials, it is expected that 
their environmental fate and effects (transport, toxicity, etc. reviewed, e.g., in (Handy et al. 
2008)) may be determined by such associations as well. The particular physicochemical 
properties conferred by organics associated may be even deliberately tuned to enhance 
aggregation/settling behaviour for recovery needs (Buchs et al. 2013). Generally, intracellular 
formation may be rather a drawback for material recovery since these may be difficult to 
separate from the residual biomass (usually requiring ultrasonic/solvent treatment). 
However, if combined with pyrometallurgical processes even biomass enriched in intracellular 
metals can represent a valuable resource, in addition to bacteria that can accumulate metals 
to amounts exceeding their own cellular weight on their surface (Schultze-Lam et al. 1996).  
The reduction of PGM salts into metallic precipitates has been described extensively 
(Hennebel et al. 2012). This process is thermodynamically unfavorable for REEs and typically 
their oxidation state remains unaffected in environmental conditions. Some studies attributed 
the facile microbial reduction of PGMs to the activity of cytochromes and hydrogenases (Ng 
et al. 2013a; Ng et al. 2013b). The latter were shown to predominate in species with a versatile 
respiratory electron transport chain system such as Shewanella and Desulfovibrio (De Windt 
et al. 2005; De Windt et al. 2006; Deplanche et al. 2010). Other authors showed that cell 
surface functional groups such as amines and carylic acids can capture Pd(II), after which 
chemical reduction can occur (Rotaru et al. 2012). Metallophilic bacteria harbor numerous 
metal resistance gene clusters, enabling cell detoxification via a number of mechanisms such 
as complexation, efflux, or reductive precipitation (Reith et al. 2009). Therefore, the resistance 
and PGM recovery mechanism might differ among different strains, and combinations of PGM 
responses are plausible. 
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Dissimilatory metal reducing bacteria (DMRB) such as bacteria of the genus Shewanella, 
Desulfovibrio and Geobacter are known for their versatile electron-accepting capacities, 
enabling them to couple the decomposition of organic matter to the reduction of various 
terminal electron acceptors (Fredrickson et al. 2008). Metal reduction and nanoparticle 
formation by DMRB was observed to be enabled by the activity of hydrogenases and 
cytochromes (Yates et al. 2013). Geobacter species can reduce metals extracellularly via 
multiple outer membrane cytochromes or a c-type cytochrome that is excreted into solution 
and intracellularly via multiple [NiFe]-hydrogenase complexes Both cytoplasmic and 
membrane-bound periplasmic hydrogenases are present, including one periplasmic 
hydrogenase essential for hydrogen respiration (Yates et al. 2013). Shewanella oneidensis 
contains different outer-membrane, periplasmic and inner-membrane cytochromes, and 
[NiFe]- and [Fe]-hydrogenases, where outer membrane c-type cytochromes and periplasmic 
hydrogenases have already been linked to Pd reduction (De Windt et al. 2005; Fredrickson et 
al. 2008; Yates et al. 2013). Many species have been shown to reduce PGMs but often the 
exact mechanism and involved enzymes remain unclear. Riddin et al. (2009) identified two 
different hydrogenase enzymes to be responsible for platinum reduction in sulfate-reducing 
bacteria; an oxygen-sensitive cytoplasmic hydrogenase driving the reduction of Pt(IV) to Pt(II), 
and an oxygen-tolerant/protected periplasmic hydrogenase for the subsequent reduction to 
Pt(0). In-depth studies are needed to unravel the bioreductive mechanisms under different 
conditions, depending on the microbial species, metal and electron source of interest. The 
application of high throughput molecular techniques such as proteomics, (meta-)genomics, 
transcriptomics and metabolomics could unravel the responsible mechanisms. In this doctoral 
work, we make use of high throughput sequencing analysis to characterize microbial cultures 
of interest. 
Application of molecular microbial tools greatly increased information about the composition 
of and interactions within microbial cultures in bio-mines and acid mine drainage (Ram et al. 
2005; Tyson et al. 2004; Valenzuela et al. 2006). Reith et al. (2009) used microarrays to 
demonstrate that Au detoxification by Cupriavidus metallidurans was mediated by a 
combination of efflux, reduction and possible methylation of Au complexes. These authors 
suggested that PGMs could have similar responses given their similar geochemical properties. 
Hosseinkhani et al. (2014) sequenced indigenous microbial communities sampled from marine 
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sediments contaminated with heavy metals and chlorinated hydrocarbons, and showed that 
high salt tolerant, culturable species such as Halomonas and Vibrio were able to reduce Pd in 
salt waters. 
Microbe interactions with rare earth elements are hardly studied and rare earth elements 
represent a particular challenge due to their (bio)geochemistry (being stable towards redox 
transformations). REE interaction with biogenic phosphates and specific transporter uptake 
are two recently described processes with potential for REE recovery. Firstly, the sorption on, 
encapsulation into biogenic phosphate nanominerals and formation of REE-phosphates were 
demonstrated using biofilms of Serratia strains (Handley-Sidhu et al. 2014; Paterson-Beedle 
et al. 2012). The formation of biogenic Ce-phosphates was also shown to occur on the Mn-
oxidizing bacteria Leptothrix and Pseudomonas (De Gusseme et al. 2010a). Secondly, the 
function of a specific protein (methanol dehydrogenase) in the extremophile, acidophilic 
methanotrophic species Methylacidiphilum fumariolicum SolV was found to strictly depend 
on the presence of REEs, that provide superior catalytic properties to the protein as cofactor 
(Pol et al. 2014). By artificially modifying the protein structure, one could potentially induce 
metal-specificity in this bacterium for the intracellular concentration of one particular REE 
(Kuroda and Ueda 2011; Moriwaki et al. 2012). These approaches to optimizing microbial 
metal-recovery processes should be especially useful for developing methods to recover REEs 
from diluted aqueous waste streams. Recently, the accumulation of Dy and other tested REEs 
(Y, Pr, Nd, Eu, Tb, and Yb) was demonstrated at pH 2.5 by the acidophilic fungal species 
Penidiella, which was isolated from an abandoned mine (Horiike and Yamashita 2015). 
Interestingly, the species did not accumulate many divalent or trivalent metals, showing its 
potential to recover REEs selectively from acidic industrial and mine drainage streams. 
Alternatively, a selective extraction of REEs from acid leachates was obtained as well through 
the use of the modified species Caulobacter crescentus, containing lanthanide binding tags 
(LBT) on its S-layer (Park et al. 2016). The sorbed REEs could be effectively recovered from the 
cells by using citrate. This enabled reuse of the LBT-displayed strains for the effective recovery 
of REEs in consecutive cycles of sorption/desorption. 
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2.3.3 Bioleaching 
Microbes can crucially influence the redox chemistry of both insoluble minerals and dissolved 
metal(loid)s. This finds application in the field of biohydrometallurgy for the extraction and 
processing of valuable metals. Biomining of primary ores has mainly been practiced for 
copper, nickel and gold using bio-heap leaching (where target metal is solubilized) or bio-
oxidation in stirred tank bioreactors (where target metal is enriched in solid phase) which are 
technologies that have been described elsewhere (Johnson 2014). The microbial processes 
that power current industrial biomining are the autotrophic utilization of sulfide and ferrous 
iron minerals (Ehrlich 1997). A variety of full scale biomining installations are in operation 
today (both irrigation-type and stirred tank-type processes (Rawlings 2002)), significantly 
contributing to the amounts of metals mined worldwide. For instance, an estimated 20 – 25% 
of world’s Cu is extracted by bioleaching (Puhakka et al. 2007). Biomining installations can be 
of immense dimensions: the single largest dump (irrigation) bioleaching operation (Escondida 
Mine, Chile) is expected to produce up to 200 000 tons of cathode copper per year 
(corresponding to 11% of the US consumption in 2012 (USGS)) over the next 40 years (Brierley 
2008); single bio-oxidation (stirred tanks) bioreactors may reach more than 1 300 cubic meters 
of volume (Rawlings 2002).  
The application of autotrophic biomining for PGMs and REEs, however, must overcome a 
number of challenges related to their source materials. REEs are typically mined as carbonates 
(bastnäsite) or phosphates (monazite and xenotime) from igneous and alkaline rocks, or as 
ions absorbed on clay minerals. To our knowledge, DNI Metals in Alberta Canada operates the 
only REE bio-heap leaching project. It seemed that DNI relies on the high content of 
polymetallic sulfides in the Buckton shale deposits to recover economically viable quantities 
of Sc, which occurs in a ‘metalized zone’ of the shale at 5 g ton-1. In contrast to REEs, PGMs 
are generally mined from Ni or Cu deposits with Pt, Pd and Rh concentrations at 1 – 10 g ton-1 
(Piña et al. 2012). Most of these deposits are sulfide minerals, and Ni and Cu have been 
successfully biomined at full scale via heap leaching technologies. The PGM sulfides, however, 
are more stable than the base metal sulfides, and are therefore more difficult to oxidize (Yopps 
et al. 1991). For example, bioleaching of flotation concentrate from the Stillwater Complex, 
which contained pentlandite ((Fe,Ni)9S8), released Ni, but Pd as PdS, and other PGMs required 
further chemical leaching such as pressurized cyanidation (Yopps et al. 1991). Concentrates 
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that had not undergone biological treatment, released none or very little PGMs, perhaps 
suggesting a role for bioleaching of PGMs if the process could be improved. 
Biomining procedures are generally more environmentally friendly compared to conventional 
processes as for instance they do not require high amounts of energy (such as roasting or 
smelting), do not produce sulfur dioxide, produce tailings with reduced chemical activity and 
allow to use low grade ores that are not exploitable by conventional technologies (Rawlings 
2002). However, in contrast to pyrometallurgical and other high-intensity hydrometallurgical 
process routes, bioleaching is relatively slow (Watling 2006). For example bioleaching of Cu 
from flue dust may proceed at rates of only 1 – 6 kg copper m-3 reactor d-1 (Bakhtiari et al. 
2008; Massinaie et al. 2006). 
Besides proton-induced disassociation of metallic ores (based on microbially secreted 
protons), metals can also be liberated from solid materials by ligand-induced solubilization 
(i.e. increasing metal mobility through microbial complexing or chelating agents). The broad 
diversity of solubilizing heterotrophic microorganisms, including yeasts, fungi and bacteria 
have been extensively described as well as the ligands they produce which are mainly organic 
acids such as citric, oxalic and gluconic acids (Brandl 2008; Deng et al. 2013; Gadd 1999). 
Heterotrophic bioleaching is generally based on microorganisms creating a lixiviant solution 
consisting of organic acids and/or chelating agents (siderophores, cyanide) that dissolves 
metals into the aqueous phase. By this liberation, metals are separated from the solid phase 
and can be recovered. Still, heterotrophic bioleaching is much less developed compared to 
the autotrophic oxidative dissolution of sulfidic ores. To our knowledge, no industrial 
processes using heterotrophic microorganisms have been demonstrated. The probable reason 
for this is the continuous requirement for significant quantities of carbon and energy sources 
in the lixiviant (i.e., leaching solution) to support the growth and activity of the leaching 
microorganisms. This is in contrast with autotrophic leaching, which requires only small 
amounts of a few inexpensive inorganic nutrients. Nevertheless, it may be applied to manifold 
primary sources not accessible to autotrophic bioleaching (oxide, carbonate and silicate ores 
(Bosecker 1997)) and furthermore a variety of secondary sources of metals. Although limited 
research has been performed so far on heterotrophic extraction of PGMs or REEs from primary 
ores using organic ligands, we believe that the high value of the product can justify the 
additional cost of heterotrophic bioleaching. This idea has been partially demonstrated by the 
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Bio-HeapTM technology from Western Areas Ltd. that uses exogenous cultures acclimated to 
hypersaline and high temperature environments to conduct more effective bioleaching 
processes. It is not hard to imagine that similar technologies using heterotrophic 
microorganisms can be adopted to mine PGMs and REEs. By combining with other advantages 
from biometallurgy, such as cutting out froth flotation or ultrafine grinding steps that are used 
as preconcentration techniques in primary winning of PGMs, with environmental advantages 
such as low carbon footprint, absence of noxious gases (sulfides, As) production and on-site 
treatment, biomining can make an interesting economic case under growing stringent 
regulations. It is envisioned that increased efforts in research can progress biomining of PGMs 
and REEs from primary ores significantly. 
2.4 Potential streams of interest for PGM or REE recovery 
A recent comprehensive review defined three major waste streams that present opportunities 
for effective metal recovery: (1) preconsumer manufacturing scrap/residues, (2) recycling of 
end-of-life products (urban mining), and (3) landfill mining of urban and industrial waste 
residues (Binnemans et al. 2013b). The first two waste streams have been the primary focus 
of both industrial attention and academic research targets because these waste streams are 
often found to have high contents of REEs and PGMs. Permanent magnets, nickel metal hybrid 
batteries, lamp phosphors, spent car catalysts and electric and electronic waste are the most 
interesting sources within the first two waste streams due to their high metals content and 
physical consistencies within each category. Consequently, more energy intensive 
pyrometallurgical techniques or chemical-intensive hydrometallurgical techniques can be 
used for high efficient metals recovery from these wastes. However, besides the economical 
perspective and the metal recovery kinetics, the ecological impact and sustainability of the 
recovery technology need to be taken into account as well. A life cycle analysis (LCA) can be 
performed to compare conventional and biometallurgical techniques to select the most (cost-
)effective and sustainable technology for every case. On the other hand, although urban and 
industrial waste residues contain much lower critical metal concentrations, their volumes can 
be enormous. Examples include, but are not limited to, bauxite mine residues, 
phosphogypsum, incinerator ash, metallurgy slags, acid mine drainage, and industrial and 
municipal wastewaters. Biometallurgical technologies are most likely to find their niches in 
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recovering critical metals from these waste residues, while simultaneously protecting the 
ecologically precious environment. 
2.4.1 Liquid process and waste streams 
Many wastewaters are currently being considered as energy or nutrient sources, and thus the 
research paradigm has shifted from simply organic and nutrient removal to resource recovery 
(Gao et al. 2014). In contrast, metal recovery from wastewaters has hardly been considered. 
Wastewaters have not commonly been characterized for their PGM and REE content. This can 
be attributed to the fact that utilities and industries primarily focus on the metals included in 
environmental quality standards imposed by environmental legislation when monitoring the 
quality of their wastewaters. The few full-scale biotechnologies applied to waste streams from 
mining or metal refining industries today were primarily developed to remove toxic elements 
in order to comply with regulations (e.g., ABMetTM by General Electric; THIOTEQTM by Paques 
technology).  
Preliminary data and the scientific literature indicate that a significant number of high volume 
waste streams can contain sufficient PGMs and REEs to warrant recovery from both an 
economic and an environmentally beneficial viewpoint (De Corte et al. 2011a). For example, 
municipal wastewater has long been recognized as a source of PGMs, which comes from road 
dust present in stormwater run-off (EC 2001). Deterioration of catalytic converters due to 
thermal and mechanical strain and to acid fume components leads to the emission of particles 
containing Pt and Pd at mg kg-1 concentrations. These metals can accumulate in municipal 
sludges (Westerhoff et al. 2015) but it would be rather difficult to recover them effectively 
due to their particulate nature. In addition, wastewaters from hospitals and dental clinics 
contain significant amounts of PGMs as well. For example, Pt can occur in hospital wastewater 
from administration of the anticancer drugs cisplatin and carboplatin (Lenz et al. 2005; Lenz 
et al. 2007a; Lenz et al. 2007b). Concentrations have been reported to range between 10 – 
100 ng L-1 and 75 µg L-1 in the effluent of treatment plants receiving wastewater from hospitals 
and might occur in mg L-1 ranges in the urine of cancer patients (Lenz et al. 2005; Lenz et al. 
2007b). In addition, these effluents contain low concentrations of gadolinium (Gd; up to 100 
µg L-1) that is used in contrast media for magnetic resonance imaging (Kümmerer and Helmers 
2000; Telgmann et al. 2012). On the basis of typical numbers of wastewater produced by 
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hospitals (500 m3 d-1), and using the reported concentrations and the current metal prices (34 
723 $ kg-1 for Pt and 55 $ kg-1 for Gd), low recovery values of 1.2 $ d-1 Pt and 0.2 $ d-1 Gd can 
be calculated (USGS 2016c). However, administered Pt doses highly depend on the activities 
of a hospital, suggesting a higher intrinsic potential for larger hospitals. Besides, it might be 
more economically feasible to recover Pt directly from collected urine instead of targeting 
diluted hospital wastewater (as calculated by Baeten (2015)). Furthermore, recent studies 
have shown that metal recovery from wastewater treatment plant sludges could be 
economically favorable due to the accumulation of multiple metals over time in the sludge 
(Westerhoff et al. 2015). 
Other potential sources for both PGMs and REEs include wastewaters from industrial activities 
in the pharmaceutical, fine chemical, electrochemical and glass sectors, from acid mine 
drainage and from extraction and separation processes in metal refineries. Water from 
geothermal resources has also been recognized as a potential source of PGM and REE metals 
(Segneri and Deprizio 2014). During geothermal energy production, large volumes of brine are 
typically extracted from depth and discharged after cooling. During the extended time the 
water percolates through and is heated by crustal rocks, significant amounts of metals and 
minerals dissolve into the geothermal fluids. While the most abundant metals in these fluids 
are the alkali earth metals (e.g., Na+, Mg2+), geothermal fluids are a potential source of PGM 
and REE metals, including Pt, Pd, Nd, and Eu (Lo et al. 2014). The geothermal fluids of the 
Salton Sea, one of most metal-rich water-bodies worldwide, contains 225 mg L-1 Nd and 300 
mg L-1 Eu (Michard 1989). On the basis of the current metal prices, these fluids have a value 
of 0.1 $ L-1 which can be significant given the massive volumes present. Historically, the high 
metal content of these brines posed a liability of geothermal power plants, as it has led to 
scaling (Bakane 2013). Consequently, recovery of PMG and REE metals offers a means of 
improving the economic viability of geothermal energy. The central challenges posed by 
geothermal fluids are the need to withstand high temperatures (70 – 150°C), the 100 – 1000 
times greater concentration of low-value metals over desired metals, and the presence of 
multiple REEs or PGMs. 
Metals recovery from many of these fluids is complicated since the concentrations are dilute 
and a high specificity would be required to extract them from these aqueous streams. Similar 
to the nutrient recovery practices in wastewater treatment, research needs to focus on source 
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collection of particular streams such as cancer patients’ urine. Examples from the chemical 
industry include the recovery of Pd used as a homogenous catalyst in the manufacturing of 
acetaldehyde via the Wacker process, and the recovery of Pt from effluents containing 
hexahydroxy platinic acid from the production of autocatalyst washcoats. 
Although researchers so far have mainly focused on PGM recovery from synthetic 
wastewaters using whole cells or products of microorganisms (De Corte et al. 2011a; Hennebel 
et al. 2012), a few studies have used real wastewater. Two studies reported the Pd recovery 
from metal refining and catalytic converter production waste streams by reductive 
precipitation on Desulfovibrio and Cupriavidus strains (Gauthier et al. 2010; Mabbett et al. 
2006). Owing to the higher concentrations of metals in these waste streams compared to 
hospital or municipal wastewaters, it becomes economically more interesting to recover these 
(metal values of 15 $ L-1 and 4 $ L-1 for the refining and converter study, respectively), even 
though the produced volumes are reasonably low. Ngwenya et al. (2006) demonstrated the 
uptake and reductive precipitation of Rh from a wastewater (PGM producer Anglo American 
Platinum) by a sulfate-reducing consortium and their extracted enzymes. Finally, Ru recovery 
from a plating industry wastewater was described using selective adsorption on 
Rhodopseudomonas strains (Colica et al. 2012b). All of these streams contained high salt 
concentrations (40 – 300 g L-1) and a range of bacteriostatic metals such as Cu. Moreover, the 
solutions were highly acidic (pH < 2) and the metal speciation was undefined. Therefore, the 
solutions were diluted or treated to lower the salt concentrations and increase the pH before 
the bioprocess. The complexity of the solutions might be the reason why most of the research 
in PGM/REE–microbe interactions has not yet made it into the field. It is clear that many 
research challenges remain in this area and that, once solved, a big improvement for PGM and 
REE biorecovery can be created (Figure 1-9). 
General introduction 
25 
 
Figure 1-9: Schematic overview of the sources and waste streams from which PGMs and REEs 
can potentially be recovered using microorganisms, and of the research needed to address 
challenges to applying the necessary microbiology given the physical and chemical 
complexities of certain streams (Zhuang et al. 2015). 
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2.4.2 Solid resource streams 
As mentioned earlier, the biggest challenge related to solid waste residues is the effective 
liberation and separation of the valuable metals from the dominant minerals in these streams. 
Comparable to autotrophic bioleaching, direct heterotrophic leaching or chemical leaching in 
conjunction with biological recovery processes could be feasible routes. The latter has been 
successfully demonstrated for PGM recovery from pretreated end-of-life products (Creamer 
et al. 2006; Mabbett et al. 2006; Macaskie et al. 2007). In these studies, spent automotive 
catalysts and electronic scrap were shredded and ground into fine particles, then metals were 
extracted using strong mineral acids. The metal-containing leachates were often not very 
biocompatible given the low pH and high concentrations of toxic metals. Therefore, a dilution 
step or pH correction was required or direct contact between living biomass and the metal 
leachates was avoided, either through the use of off gases of bacterial fermentation or 
through premetallization of the biomass in order to obtain autocatalytic reduction of the 
PGMs (Macaskie et al. 2007). The most remarkable result of this study was the selective and 
stepwise recovery of the Pd, Pt, Cu, and Au based on their different pH-affected precipitation 
behavior, with almost complete recovery of each metal. The ability of a biometallurgy process 
to discriminate between PGMs represents a major advantage over traditional chemical 
recovery methods.  
Secondary resources represent a little explored field for bioleaching, but first encouraging 
proof of principle studies underline the potential to win metals from fly ash (for Cd, Cu, and 
Zn (Brandl and Faramarzi 2006)), from sewage sludge (Pathak et al. 2009) and even from 
electronic wastes (Lee and Pandey 2012) and smelting slags (As, Cu, Mn, and Zn) (Guo et al. 
2010; Lee and Pandey 2012). Other potential interesting industry sectors include 
electroplating, metal-finishing, steel and nonferrous processes, petrochemical and 
pharmaceutical industries (Cui and Zhang 2008; Lee and Pandey 2012; Pathak et al. 2009). 
Heterotrophic leaching of PGMs and REEs from waste residues has been described to a lesser 
extent, even though this technology is more environmentally benign compared to mineral 
acids extraction processes. It has distinctive potential to tap both primary and secondary 
metal rich resources not accessible to autotrophic bioleaching. Citric acid seems to have the 
greatest potential given its demonstrated efficiency in extraction of heavy metals from many 
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sources, including fly ash generated from municipal waste incineration, electronic scrap, and 
activated sludge (Bosshard et al. 1996; Deng et al. 2013; Krebs et al. 1997). Citric acid, which 
is largely produced by fungal fermentation processes, contains three carboxylic groups and 
one hydroxyl group that have been shown to form stable chelates with trivalent REEs (Wu et 
al. 1995). REE recovery using citric acid was recently demonstrated using red mud or bauxite 
residues, the noxious byproduct of the Bayer process for extracting aluminum from bauxite 
ore (Qu and Lian 2013; Ritter 2014). Filamentous fungi, identified as Penicillum tricolor strains 
were reported to produce citric acid and oxalic acid when provided glucose as carbon and 
energy source. Compared to using spent medium, live culture conditions are more interesting 
and challenging since the continuous acid production might compensate for the pH increase 
caused by the consumption of protons by iron oxides in the red mud, thus a constant low pH 
can be maintained to facilitate REEs extraction. On the other hand, excess metal ions might 
be toxic to the microorganism. It is important to note that oxalic acid is not an ideal lixiviant 
since it is known to form insoluble complexes with REEs (Liu et al. 2008), which would not be 
easily separated from red mud particles for downstream processes. From this point of view, it 
is important to steer the fermentation to citric acid. Further research on the efficacy in REE 
leaching using other organic acids, such as gluconic acid, itaconic acid or acetic acid is required. 
In addition, oxalic acid might be an effective way of selectively precipitating REEs from 
industrial aqueous waste streams from hydrometallurgical processes (Larsson and Binnemans 
2014). 
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3. Objectives and overview of this research 
The previous introductory outline clearly illustrates the interesting potential of 
biotechnologies for metal recovery but also indicates faced challenges and shortcomings of 
past research. Up to now, most metal recovery studies have dealt with synthetic, simplified 
lab conditions. However, biotechnologies and their robustness should be tesed under closer-
to-application conditions. 
In this work, we will examine the recovery of both PGMs (PART A) and REEs (PART B), from 
respectively liquid and solid streams, focusing on real process and waste streams. 
A schematic overview of this research is given in Figure 1-10, a more detailed overview is given 
below. 
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Figure 1-10: Schematic research overview of this doctoral work. 
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PART A studies the recovery of platinum from liquid streams. 
The extended current use of platinum induces the production of diverse Pt containing process- 
and wastewaters, originating from e.g., automotive catalysts, industrial catalysts, and 
chemotherapy treatments. An efficient metal recovery strategy is needed to valorize these 
precious waste streams and to prevent platinum ending up in our environment. Chapter 2 
investigates the metal recovery capacity of five axenic bacterial cultures; Shewanella 
oneidensis, Cupriavidus metallidurans, Geobacter metallireducens, Bacillus toyonensis, and 
Pseudomonas stutzeri. Their Pt recovery capacity is studied for five common Pt-complexes; 
chlorocomplexes Pt(II)Cl42- and Pt(IV)Cl62-, the amine complex Pt[NH3]42+ and the 
chemotherapy complexes cisplatin (cis-PtCl2[NH3]2) and carboplatin (cis-(Pt[NH3]2[1,1-
cyclobutanedicarboxylato])). This study investigates possible correlations between Pt-
speciation and the observed recovery efficiency and microbial viability during recovery. This 
chapter is considered a proof of concept study to explore the Pt recovery capacities of known 
bacterial cultures. 
Since industrial metal streams are often characterized by more challenging conditions 
(extreme pH, high salt concentrations, contaminants), specialized cultures could be more 
suitable. The enrichment of halophilic mixed cultures from Artemia cysts, originating from a 
hypersaline environment, will be described in Chapter 3. The cultures will be cultivated in two 
different salt matrices (sea salt mixture and NH4Cl), at increasing salt concentrations (20 – 210 
g L-1 salts) and at low to neutral pH (pH 3 – 7), and will be characterized by high throughput 
sequencing analysis. Selected halophilic mixed cultures will then be used for the recovery of 
Pt(II)Cl42- and Pt(IV)Cl62-. Platinum precipitates and the viability of the halophilic cells will be 
studied to gain more insight into the platinum recovery process. 
As mentioned before, biotechnologies should be tested under closer-to-application 
conditions. Therefore, Chapter 4 will investigate the recovery of Pt(II)Cl42- by the most 
interesting halophilic mixed culture from Chapter 3 in the presence of increased salt 
concentrations (20 – 80 g L-1) and different salt matrices (phosphate salts, sea salts and NH4Cl). 
Furthermore, the halophiles will be tested on their platinum recovery potential from a real 
refinery process stream. The prolonged recovery capacity of the biomass will be evaluated in 
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sequential batch experiments. This chapter will evaluate the application potential of the 
developed biotechnology for industrial process streams. 
PART B presents the recovery of REEs from solid streams. 
The REEs form, next to the PGMs, another important group of critical metals. This work 
focuses on neodymium and lanthanum. Chapter 5 investigates a two-stage recovery strategy 
for the treatment of solid samples, combining microbially based leaching with membrane 
electrolysis. The studied mineral ore, monazite, will first be treated with citric acid and fungal 
supernatant to leach REEs. The effect of pretreating the monazite on the leaching efficiency 
will also be studied. The leachate will then be treated in an electrochemical system to 
concentrate the REEs and to separate the radioactive element thorium and phosphate. This 
study also aims at the recovery of the leaching agent for repeated use in the recovery of the 
REEs. The primary ore monazite is considered a proxy for similar primary and secondary solid 
REEs sources. 
Finally, Chapter 6 will provide an integrated discussion on the studied and developed 
biotechnologies for PGM recovery and will comment on the future perspectives on 
biometallurgy and its interesting applications.
  
 
  
 
  
PART A 
PLATINUM RECOVERY FROM LIQUID STREAMS 
  
 
 
 
 
 
 
 
 
 
‘In every walk with nature one receives far more than he seeks.’ 
John Muir, 1877 
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 CHAPTER 2 
BIOLOGICAL RECOVERY OF PLATINUM COMPLEXES FROM 
DILUTED AQUEOUS STREAMS BY AXENIC CULTURES 
Abstract 
The widespread use of platinum in high-tech and catalytic applications has led to the 
production of diverse Pt loaded wastewaters. Effective recovery strategies are needed for the 
treatment of low concentrated waste streams to prevent pollution and to stimulate recovery 
of this precious resource. The biological recovery of five common environmental Pt-complexes 
was studied under acidic conditions; the chloro-complexes PtCl42- and PtCl62-, the amine-
complex Pt(NH3)42+ and the pharmaceutical complexes cisplatin and carboplatin. Five bacterial 
species were screened on their platinum recovery potential; the Gram-negative species 
Shewanella oneidensis MR-1, Cupriavidus metallidurans CH34, Geobacter metallireducens, 
and Pseudomonas stutzeri, and the Gram-positive species Bacillus toyonensis. Overall, PtCl42- 
and PtCl62- were completely recovered by all bacterial species while only S. oneidensis and C. 
metallidurans were able to recover cisplatin for 99%, all in the presence of H2 as electron 
donor at pH 2. Carboplatin was only partly recovered (max. 25% at pH 7), while no recovery 
was observed in the case of the Pt-tetraamine complex. Transmission electron microscopy 
(TEM) revealed the presence of both intra- and extracellular platinum particles. Flow 
cytometry based microbial viability assessment demonstrated the decrease in number of 
intact bacterial cells during platinum reduction and indicated C. metallidurans to be the most 
resistant species. This study showed the effective and complete biological recovery of three 
common Pt-complexes. 
Chapter redrafted after: 
Maes S., Props R., Fitts J.P., De Smet R., Vanhaecke F., Boon N., and Hennebel T. Biological 
recovery of platinum complexes from diluted aqueous streams by axenic cultures. Submitted 
to Plos One. 
Chapter 2 
 36 
1. Introduction 
The growing importance and use of platinum in clean and high-tech products in the last 30 
years have induced the production of Pt loaded waste streams and the accumulation of 
platinum in the environment (Ravindra et al. 2004; Zhuang et al. 2015). For example, 
deterioration of automotive catalysts leads to the emission of Pt particles into the 
environment, part of which gets drained by stormwater into sewers (Westerhoff et al. 2015). 
Besides, platinum is the crucial building block of chemotherapeutic drugs such as cisplatin and 
carboplatin, and the excreted human metabolites contaminate both hospital and municipal 
wastewaters (Ravindra et al. 2004). Finally, liquid waste streams (often diluted) containing 
platinum are also produced from the application of industrial catalysts, the manufacturing of 
jewelry and electronics, and both primary mining and precious metal recovery activities 
(Westerhoff et al. 2015; Zhuang et al. 2015). 
The resulting residual platinum appears in different complexes in wastewater, with inorganic 
or organic ligands, such as the chemotherapy complexes cisplatin (cis-PtCl2[NH3]2), carboplatin 
(cis-(Pt[NH3]2[1,1-cyclobutanedicarboxylato])), and their metabolites, chloro-complexes 
Pt(II)Cl42- and Pt(IV)Cl62- or amine-complexes such as Pt(NH3)42+, resulting from leaching or 
metal refinery processes (Umeda et al. 2011; Vyas et al. 2014; Won et al. 2014). The metal’s 
fate in a wastewater treatment plant or in the receiving environment depends largely on the 
metal’s speciation and the matrix composition of the waste stream (Zhuang et al. 2015). An 
effective removal of the precious metal is advised to both lower the pollutant load in the 
environment, based on the pollution prevention principle, and since the behavior and impact 
of species such as cisplatin are mainly unknown in the environment (Curtis et al. 2010). 
Moreover, platinum’s high market value (av. 34.7 $ g-1 in 2015 (USGS 2016c)) and criticality 
stimulate the effective recovery and valorization of critical resources (Graedel et al. 2015; 
Hennebel et al. 2015). Case by case, it should be questioned if the targeted Pt-complex could 
be removed and recovered from the waste stream, and whether this recovery could be 
interesting from an economical point of view (Zhuang et al. 2015). 
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Biotechnologies based on living biomass can serve as low-cost and green treatment 
techniques to recover platinum at low concentrations (Maes et al. 2016; Tanaka and 
Watanabe 2015). The effective removal of platinum by different axenic cultures has been 
demonstrated before; PtCl42- and PtCl62- were sorbed by Shewanella putrefaciens (Tanaka and 
Watanabe 2015), PtCl62- was reduced by Shewanella algae (Konishi et al. 2007) and an 
undefined Pt-complex was reduced by Cupriavidus metallidurans (Gauthier et al. 2010). 
However, the metal speciation can hamper an effective metal removal (Zhuang et al. 2015). 
Complex waste streams such as highly acidic saline streams originating from metal refinery 
processes can be considered too challenging for conventional biological wastewater 
treatment plants (WWTP). They require specialized cultures adapted to the prevalent 
conditions (Maes et al. 2016) (see Chapter 3). 
The aim of this study was to further elaborate the biological recovery of different synthetic 
platinum complexes, representative for diluted Pt containing wastewaters of interest. It is 
important to explore the fate of these common Pt-complexes once they have entered a 
wastewater treatment plant or the environment. Therefore, this study investigates the 
relationship between Pt-speciation and the observed recovery by axenic cultures and the 
effect of the different Pt-complexes on the cell viability. The studied Pt-complexes include; 
chloro-complexes PtCl42- and PtCl62-, present in e.g., run-off waters or industrial process 
streams, cisplatin and carboplatin, two cancerostatic platinum compounds, and a Pt-amine 
complex Pt(NH3)42+, being found in metal refinery streams. Recovery was tested at 100 mg L-1 
Pt, as this Pt level is representative for industrial metal streams (Gauthier et al. 2010; Mabbett 
et al. 2006). The biological platinum recovery was studied using three Gram-negative (G-) 
species (Shewanella oneidensis MR-1, Cupriavidus metallidurans CH34 and Geobacter 
metallireducens), each known for their ability to reduce metals, as shown for palladium (De 
Windt et al. 2005; Gauthier et al. 2010; Pat-Espadas et al. 2013), and extended with the Gram-
positive (G+) species Bacillus toyonensis and the G--species Pseudomonas stutzeri, both 
isolated from a wastewater treatment plant which processes metal streams. In this research, 
it was evaluated which bacteria were able to recover platinum, under which conditions (with 
and without electron donor) and how this was affected by the metal speciation. The 
morphology and metal speciation of the precipitated Pt particles were investigated, as well as 
the viability of the axenic cultures during Pt recovery. 
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2. Materials and methods 
2.1 Bacterial cultures and growth conditions 
Four facultative anaerobic and one strictly anaerobic species were used in this study. 
Shewanella oneidensis MR-1 was obtained from the BCCM/LMG Bacteria Collection (Gent, 
Belgium; LMG 19005) and Cupriavidus metallidurans CH34 was obtained from SCK•CEN (Mol, 
Belgium). Both species were grown aerobically in Lysogeny broth (LB-Lennox) medium 
overnight at 28°C. Lysogeny broth (LB) medium (10 g L-1 tryptone, 5 g L-1 yeast extract and 5 g 
L-1 NaCl) contains catabolizable amino acids as principal carbon sources (Sezonov et al. 2007). 
The facultative anaerobes were cultivated aerobically to stimulate and speed up biomass 
growth. Bacillus toyonensis and Pseudomonas stutzeri were isolated from a wastewater 
treatment plant which processes metal streams, and were grown aerobically in Lysogeny 
broth (LB-Lennox) medium for 48 h at 28°C. The strictly anaerobic species Geobacter 
metallireducens was obtained from the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH (DSMZ; ATCC 53774) and was cultivated anaerobically in DSMZ medium 
579 at 28°C for 7 days. 
2.2 Platinum recovery experiments 
The five different bacterial species were used to study the recovery of five different Pt-
complexes; K2PtCl4 (Sigma-Aldrich, USA), K2PtCl6 (Sigma-Aldrich, USA), Pt(NH3)4.2HCO3 (Alfa 
Aesar, Germany), cisplatin (Alfa Aesar, Germany), and carboplatin (Alfa Aesar, Germany). Cells 
from the cultures S. oneidensis, C. metallidurans, B. toyonensis, and P. stutzeri were harvested 
by centrifugation (7000 g, 7 min) and were then washed twice with 25 mL phosphate buffer 
(8.5 g L-1 Na2HPO4.7H2O and 3 g L-1 KH2PO4). The washed cells were suspended in the 
phosphate buffer to a final optical density of 1 (OD610nm) and added to 120 mL glass serum 
bottles (50 mL cell suspensions). All recovery experiments were carried out under anaerobic 
conditions without the addition of a carbon source. Therefore, the glass bottles were flushed 
by 20 repeated cycles of N2 overpressure and vacuum underpressure. In the case H2 was used 
as electron donor, the headspace was replaced with 100% H2-gas. In the case of formate and 
acetate, 50 mM formate or 12.5 mM acetate was dosed to the biomass suspension (N2 
atmosphere). Subsequently, platinum was dosed to a final concentration of 100 mg L-1 Pt (2.5 
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g L-1 Pt 1 M HCl stock). The glass bottles were incubated and continuously mixed at 100 rpm 
and 28°C during the experiment. Platinum recovery was also investigated in sorption controls 
(biomass samples with Pt, no electron donor) and in chemical reduction controls (Pt with 
electron donor, no biomass). Pt recovery was also tested in a non-active biological control, by 
using heat-killed Shewanella oneidensis cells (121°C, 15 min) in the presence of H2. 
The protocol was slightly modified for experiments based on G. metallireducens. The cells 
were centrifuged at 8000 g for 7 min, washed and suspended in 30 mM NaHCO3 to a final 
optical density of 0.31. All steps were executed in an anaerobic closet (37°C, 80% N2/20% CO2). 
The washed biomass suspensions were all characterized by pH 7.0 - 7.1 prior to Pt dosage. For 
all reduction experiments, the pH was adjusted to pH 1.8 – 2.2 after Pt dosage by the addition 
of HCl. Sorption controls were carried out at both pH 2 and pH 7. Samples were analyzed by 
inductively coupled plasma optical emission spectrometry (ICP-OES) and Pt recovery 
efficiencies were calculated after 48 h. ‘Platinum recovery’ refers to the removal of platinum 
from aqueous solutions and the transformation into Pt rich biomass, that could be further 
processed to recover and reuse the precious resource. 
2.3 Inductively coupled plasma optical emission spectrometry (ICP-OES) 
The Pt containing biomass was separated from the liquid medium by centrifugation at 9000 g 
for 7 minutes. The supernatant samples were diluted 10 times with a 1% HNO3/1% HCl 
solution and spiked with yttrium as internal standard (1 mg L-1). The resulting platinum 
concentrations were determined with a Spectro Arcos ICP-OES (Spectro Analytical 
Instruments GmbH, Kleve, Germany). Prior to analysis, the ICP-OES was optimized with a 
solution containing 2 mg L-1 Pb, As, and Mn (in 2% HNO3). The ICP-OES parameters were: a 
plasma power of 1375 W (1100 – 1450 W), a pump flow rate of 30 rpm, a coolant flow of 12 L 
min-1, an auxilliary flow of 0.9 L min-1, and a nebulizer flow of 1.2 L min-1. Platinum peaks were 
measured at 177.708, 191.170, 203.711 and 214.423 nm, and yttrium at 371.030 and 377.433 
nm. Argon peaks (404.442 and 430.010 nm) were used to indicate the potential influence of 
organic matrices. The detection limit was 0.5 mg L-1 Pt. 
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2.4 Platinum speciation analysis 
Biomass pellet samples of cultures S. oneidensis, C. metallidurans and G. metallireducens were 
investigated by X-ray absorption spectroscopy after the recovery of the platinum chloro-
complexes Pt(II)Cl42- and Pt(IV)Cl62-. The indication “aerobic” or “anaerobic” refers to the 
atmospheric condition during cultivation. Anaerobic S. oneidensis was cultivated according to 
Schuetz et al. (2009) with 50 mM ferric citrate as terminal electron acceptor. All recovery 
experiments were executed under anaerobic conditions. H2-gas was always applied as 
electron donor, except for the aerobic S. oneidensis sample with Pt(IV)Cl62- (with formate). 
All XAS spectroscopy measurements were performed using the microprobe beamline X27A 
at the National Synchrotron Light Source (NSLS), Upton, NY. Aliquots of fully hydrated Pt-
biomass samples were transferred to an air-tight polypropylene bag to prevent drying. 
Samples were secured to an x, y, z motorized stage 45 degrees to the incident beam and 13-
element HGe Canberra fluorescence detector. The beam spot-size on the sample was 
maintained at ca. 15 m. 
By means of X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption 
Fine Structure (EXAFS) spectroscopies, the oxidation state and first-shell coordination 
environment of the Pt phase associated with the biomass was examined. All spectra were 
collected at room temperature. X-ray fluorescence was measured from 150 eV below to 800 
eV above the Pt L3-edge. Absolute x-ray energy calibration was based on the first inflection 
point of standard Pt (11 919 eV) metal foil, which was collected in transmission mode as an 
internal calibration during each scan. Normalization, calibration and averaging of the XAS 
spectra and ab initio fitting of the EXAFS region of the spectra were performed using Athena 
and Artemis software (Ravel and Newville 2005). 
2.5 Transmission electron microscopy (TEM) 
After the recovery experiments were finished, the bacterial suspensions were washed twice 
with the according washing buffer; 30 mM NaHCO3 for G. metallireducens, phosphate buffer 
for all other species. Samples were stored overnight and the supernatants were removed. 
Subsequently, the bacteria were fixed in 0.1 M cacodylate buffer containing 4% 
paraformaldehyde and 5% glutaraldehyde during 48 h. Then, samples were washed overnight 
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with 0.1 M sodium cacodylate buffer. Following postfixation in 1% osmium tetroxide for 1 h, 
samples were dehydrated in a series of alcohol and embedded in Epon medium (Aurion, 
Wageningen, the Netherlands). Ultrathin sections of 60 nm were examined without contrast 
by imaging with a Zeiss TEM900 transmission electron microscope (Carl Zeiss, Oberkochen, 
Germany) at 50 kV. Particle size distributions were determined based on the electron 
micrographs using ImageJ freeware. A binary image was created by visually adjusting the 
threshold value. Particle diameters were subsequently determined while considering the 
particles as spheres. 
2.6 Cell viability by flow cytometry analysis 
Partial viability of the strains was assessed by dual stain flow cytometry as described 
elsewhere (Van Nevel et al. 2013). Briefly, bacterial cells were stained with a mixed SYBR 
Green I (SG, 10 000x concentrate, Invitrogen) and propidium iodide (PI, 20 µM, Invitrogen) 
staining solution which resolves membrane damaged from intact bacterial cells. Samples 
taken during batch experiments were diluted immediately 100 times in sterile, 0.22 µm 
filtered phosphate buffer and stored at +4 °C until further analysis. Prior to analysis, samples 
were if necessary further diluted to approximately 106 cells mL-1 and stained with 10 µL mL-1 
of the staining solution (final concentration of 1x SG and 4 µM PI). The stained samples were 
incubated for 20 minutes in the dark at 37 °C and immediately analyzed on a BD FACSVerse 
(BD Biosciences, Erembodgem, Belgium) equipped with a 20 mW 488 nm blue laser, 40 mW 
405 nm violet laser and a 640 nm red laser. Green and red fluorescence intensities 
corresponding to respectively the SG and PI emission wavelengths were collected through a 
527  32 nm band pass and 700  54 nm band pass filter. All samples were collected and 
analyzed in triplicate within 24 hours of sampling. Cell counts were extracted from manually 
drawn gates on the green vs. red fluorescence intensity plots as described elsewhere (SLMB 
2012). The limit of detection was 33.3 x 103 cells mL-1. 
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3. Results and discussion 
3.1 Recovery of platinum complexes by axenic cultures 
3.1.1 Influence of Pt-speciation on microbial recovery 
The biological recovery of the five Pt-complexes was tested at pH 2 (for 48 h, with C0 = 100 mg 
L-1 Pt) by using each of the cultures, in the presence of H2, formate or acetate as electron 
donor, or in a sorptive control without electron donor. The Pt-chloro complex Pt(II)Cl42- was 
recovered completely with H2 (Table 2-1) and a black microbial Pt suspension was formed (i.e., 
indicative for Pt reduction) (Rashamuse and Whiteley 2007). The addition of formate or 
acetate as electron donor was less effective; 56 – 79% and 6 – 19% PtCl42- was recovered with 
formate and acetate, respectively (Table 2-2). A 6 – 25% of the dosed Pt was recovered in the 
sorption control experiments (no color change observed). The recovery of Pt(IV)Cl62- was more 
difficult and slower; while 99% was recovered with H2 and 49 – 87% with formate, no 
substantial Pt recovery was reached using acetate. The sorption control showed a limited 
removal of 2 – 8%. Based on these Pt recovery efficiencies, hydrogen gas was preferred as sole 
electron donor for further experiments. Cisplatin could be completely recovered with 
hydrogen gas, while only 8% recovery was observed at maximum in the sorptive control. 
Carboplatin showed to be a more challenging complex to recover; at maximum 9 - 10% 
recovery was reached with and without electron donor. Finally, the Pt-tetraamine complex 
could not be recovered under any of the studied conditions. 
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Table 2-1: A schematic overview of the platinum recovery efficiencies (%) at pH 2 is given; 
the recovery was investigated with and without (sorption control) the addition of H2-gas. The 
platinum recovery was studied using five different bacterial species and five Pt-complexes, 
including PtCl42-, PtCl62-, Pt(NH3)42+, cisplatin (cis-PtCl2[NH3]2), and carboplatin (cis-
(Pt[NH3]2[1,1-cyclobutanedicarboxylato])). All recoveries were measured after 48 h, except for: 
* 68 h, ** 107 h and *** 168 h, and **** 320 h. The chemical reduction was studied for all Pt-
species using H2-gas. 
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Table 2-2: Platinum recovery efficiencies (%) are given under different recovery conditions; 
the sorption of all Pt-complexes was studied at pH 7 while the reduction (pH 2; with formate 
or acetate) was only studied for Pt(II)Cl42- and Pt(IV)Cl62- using the Shewanella oneidensis MR-
1, Cupriavidus metallidurans CH34 and Geobacter metallireducens species. All recovery 
efficiencies were measured after 48 h, except for: * 68 h, ** 107 h, *** 117 h and **** 144 h. 
The chemical reduction using formate was studied for Pt(II)Cl42- and Pt(IV)Cl62-. 
 
3.1.2 Effect of the bacterial species on Pt recovery 
While all bacterial species could recover Pt(II)Cl42- fast, with the G+-species B. toyonensis 
showing the slowest kinetics, and none of them could recover Pt-tetraamine, differences were 
mainly observed for Pt(IV)Cl62- and cisplatin. Whereas all species were able to recover PtCl62-, 
their recovery rates differed substantially; P. stutzeri reduced PtCl62- remarkably fast (< 24 h), 
whereas S. oneidensis and B. toyonensis were only able to recover the complex over an 
extended time period ( 1 week). As a non-active biological control, heat-killed Shewanella 
oneidensis cells (121°C, 15 min) were tested and recovered 99% PtCl42- and 13% PtCl62- in the 
presence of H2-gas (data not shown). 
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During the screening of the Pt-amine and chemotherapy complexes, G. metallireducens was 
excluded due to its unfavorable slower and strictly anaerobic cultivation, yielding a lower 
biomass density compared to the investigated aerobic cultures. For cisplatin, S. oneidensis and 
C. metallidurans could fully recover the complex, while B. toyonensis and P. stutzeri recovered 
at maximum 10%. In contrast, all bacterial species showed limited recovery of carboplatin. 
To explore the recovery potential of the Pt-complexes under circumneutral conditions as a 
proxy for their fate in wastewater treatment plants or the environment, their recovery was 
also examined at pH 7 in the absence of an electron donor (Table 2-1 and Table 2-2). In 
general, lower recovery efficiencies were noted under sorptive conditions compared to the 
H2-induced recovery, showing the need for an electron donor to obtain full recovery. By using 
S. oneidensis and C. metallidurans, the platinum recovery at neutral pH was observed to be 
very similar to the sorptive removal at acidic pH. For B. toyonensis and P. stutzeri, a better 
sorption was noted under neutral conditions for mainly cisplatin, carboplatin, and PtCl42- on 
the long term (28 - 40% PtCl42- was recovered after 117 - 144 h) (Table 2-2). 
3.2 Platinum speciation analysis 
A characterization of the bacteria-metal interaction was executed on the species Shewanella 
oneidensis MR-1, Cupriavidus metallidurans CH34 and Geobacter metallireducens removing 
the platinum chloro-complexes Pt(II)Cl42- and Pt(IV)Cl62-. Anaerobically grown S. oneidensis 
was included in this speciation analysis for comparison but was not further investigated in this 
study. The X-ray energy of peak fluorescence along with the overall shape of the Pt K-edge 
XANES spectra provides measures of the average oxidation state and bonding environment of 
Pt associated with the biomass. The peak fluorescence of all the spectra in Figure 2-1 has 
shifted to lower energies relative to the Pt(II) aqueous spectrum indicating that the Pt 
associated with the biomass underwent reduction during the recovery process. The spectral 
patterns between peak fluorescence and 11 600 eV for Pt(II) recovered by aerobic C. 
metallidurans and anaerobic S. oneidensis are consistent with metallic Pt(0) particles (Maes et 
al. 2016) (see Chapter 3, § 3.3), while the spectral patterns of anaerobic G. metallireducens 
and aerobic S. oneidensis are similar to the Pt(II) aqueous spectrum suggesting only partial 
reduction of the available Pt. The EXAFS spectra and Fourier Transforms (FTs) shown in 
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Appendix 2-1 provide further evidence for these interpretations of the XANES spectra (see 
Figure Appendix 2-1). 
The XANES spectra also show how the level of Pt recovery (amount of Pt incorporated into the 
biomass) is correlated with each organism’s ability to reduce Pt(II) to metallic Pt(0) 
nanoparticles. Prior to normalization the edge jump in the XANES spectra reflects the number 
of Pt atoms fluorescing within the x-ray beam, and therefore, the height of the edge jump 
provides a measure of the relative amount of Pt per unit of biomass assuming equivalent 
biomass densities and sample thickness for all biomass samples. These assumptions are 
reasonable given that all underwent the same biomass separation method and were loaded 
in identical sample holders, although it needs to be noted that anaerobically grown cultures 
usually show lower cell densities; 0.19 g L-1 DM for anaerobic Geobacter metallireducens 
compared to 0.46 g L-1 DM for aerobic Shewanella oneidensis and 0.43 g L-1 DM for aerobic 
Cupriavidus metallidurans. The edge jump values (values shown in square brackets in Figure 
2-1) increase as the Pt XANES spectra more closely resemble the XANES spectrum of metallic 
Pt(0) nanoparticles (Maes et al. 2016). Without independent measures of Pt:biomass, the 
XANES edge jump only provides a relative measure of Pt recovery. 
All bacterial strains are less efficient at reducing and recovering aqueous Pt(IV) ions compared 
to Pt(II) ions, both under anaerobic conditions, according to the spectral edge jumps reported 
in Figure 2-2 (see values in square brackets). C. metallidurans was below detection and 
therefore its spectrum is not shown. Anaerobic G. metallireducens and S. oneidensis reduced 
approximately half as much Pt relative to when Pt(II) is the starting aqueous species. The 
energy of peak fluorescence in the XANES spectrum is a less reliable diagnostic given that the 
peak fluorescence of Pt(IV) aqueous standard occurs at a similar energy to reduced Pt(0) in 
biomass. However, the EXAFS spectra indicate that only the anaerobically grown S. oneidensis 
is capable of recovering and reducing significant amounts of Pt(IV) to Pt(0). To our knowledge, 
this is the first study that reports the biological reduction of Pt(IV) to Pt(0) by Shewanella 
oneidensis. The FT’s of these EXAFS spectra do suggest that a minor fraction of the Pt(IV) could 
have been reduced by anaerobic G. metallireducens and aerobic S. oneidensis (see Figure 
Appendix 2-2). 
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Figure 2-1: X-ray absorption near edge spectroscopy (XANES) spectra of biomass pellet 
samples after Pt(II)Cl42- recovery (100 mg L-1 Pt; 50 mg L-1 Pt in case of anaerobic Shewanella), 
by three bacterial species: Geobacter metallireducens, Cupriavidus metallidurans CH34 and 
Shewanella oneidensis MR-1. 
 
Figure 2-2: X-ray absorption near edge spectroscopy (XANES) spectra of biomass pellet 
samples after Pt(IV)Cl62- recovery (100 mg L-1 Pt; 50 mg L-1 Pt in case of anaerobic Shewanella), 
by two bacterial species: Geobacter metallireducens and Shewanella oneidensis MR-1. 
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3.3 Platinum particle morphology 
The characteristics of the Pt precipitates in and on the microbial biomass were studied using 
transmission electron microscopy (TEM). All bacterial suspensions that showed visible signs of 
Pt reduction were analyzed (i.e., black discoloration). The morphology of the platinum 
particles differed considerably according to the studied bacterial species and the recovered 
Pt-complex (Figure 2-3 and Figure 2-4). 
The Pt(IV)-complex PtCl62- generally induced the formation of larger particles compared to 
PtCl42-, as could be concluded from the particle size distributions (Figure 2-5 and Figure 2-6). 
For example, 24 – 80% of the total particle surface area was allocated to particles larger than 
100 nm for the reduction of Pt(IV)Cl62- by G. metallireducens, compared to 15 – 23% for the 
reduction of Pt(II)Cl42- by the same bacterial species. Precipitated cisplatin also formed mainly 
larger particles (min. 71% particles was larger than 100 nm). The type of Pt-complex might 
influence the particles’ location, as observed for B. toyonensis; while PtCl42- precipitated as 
dispersed intra- and extracellular particles, large Pt clusters completely filled the cells in the 
case of PtCl62- (Figure 2-3). Overall, both intra- and extracellular particles were observed for 
all three Pt-complexes, depending on the bacterial species. 
The bacterial species influenced indeed the location and size of the particles. S. oneidensis 
precipitated particles mainly on the cell wall and in the periplasmic space. Depending on the 
conditions (Pt-complex, electron donor), C. metallidurans tended to precipitate platinum into 
larger clusters, which can be observed in the case of cisplatin where very large clusters were 
located near the bacterial cells. Numerous small particles can be observed in the presence of 
G. metallireducens, which can cluster together to bigger particles such as in case of PtCl62-. A 
similar clustering was observed after the reduction of PtCl62- by B. toyonensis; cells were 
completely filled with precipitated platinum. P. stutzeri reduced the Pt-chloro complexes into 
larger particles as well. 
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Next to the applied bacterial species and recovered Pt-complex, also the choice of electron 
donor influenced the precipitation of platinum. In general, larger particles were formed in the 
presence of H2-gas, compared to the presence of formate. Small uniformly dispersed particles 
were only observed in case of formate induced reduction (with S. oneidensis and G. 
metallireducens) (Figure 2-4), which is in contrast with the palladium study from De Windt et 
al. (2005), that observed more small Pd particles in case H2 was used compared to formate. 
Platinum precipitates formed in a previous study by Shewanella algae with Pt(IV) and lactate 
showed similarities with our results (Konishi et al. 2007). Pt particles of about 5 nm were 
observed in the periplasmic space, which is similar to the case of formate induced PtCl62- 
reduction by S. oneidensis, which resulted in particles of 4.8 nm (mean size), mainly formed in 
the periplasmic space and on the cell wall of the cells. 
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Figure 2-3: Transmission electron microscopy (TEM) images of thin sections of the five 
different bacterial species, loaded with platinum particles. The precipitation of platinum was 
induced by the presence of hydrogen gas. No Pt particles were observed during the recovery 
of cisplatin by Bacillus toyonensis and Pseudomonas stutzeri, while Geobacter metallireducens 
was not studied for this complex. 
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Figure 2-4: Transmission electron microscopy (TEM) images of thin sections of Shewanella 
oneidensis MR-1, Cupriavidus metallidurans CH34 and Geobacter metallireducens cells 
respectively, loaded with platinum particles. The precipitation of platinum was induced by the 
presence of formate as electron donor. 
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Figure 2-5: Platinum particle distributions of platinum nanoparticles (nm) formed by five 
different bacterial cultures (based on the total particle surface area). The different Pt-
complexes were precipitated in the presence of hydrogen gas. No Pt particles were observed 
during the recovery of cisplatin by Bacillus toyonensis and Pseudomonas stutzeri, while 
Geobacter metallireducens was not studied for this complex. 
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Figure 2-6: Platinum particle distributions of platinum nanoparticles (nm) (based on the total 
particle surface area), formed by the bacterial species Shewanella oneidensis MR-1, 
Cupriavidus metallidurans CH34 and Geobacter metallireducens. The Pt(II)Cl42- and Pt(IV)Cl62- 
complexes were precipitated in the presence of formate as electron donor. 
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3.4 Membrane integrity of axenic cultures during platinum recovery 
The recovery of Pt-complexes and the prevalent conditions of the target wastewater will 
influence the viability of the present microorganisms and could affect their metal recovery 
potential. Furthermore, the studied Pt-complexes might behave differently towards bacteria 
according to their different intrinsic and chemical characteristics. Therefore, the cell viability 
of the axenic cultures was investigated during Pt-complex recovery experiments through flow 
cytometry based membrane integrity staining (Berney et al. 2007). This staining makes it 
possible to distinguish cells with an intact cellular membrane, referred to as intact cells, from 
damaged cells. The influence of the Pt-speciation upon recovery was investigated using S. 
oneidensis, as model organism (Figure 2-7). At the start of the recovery experiments the 
suspension was acidified to pH 2 and the studied Pt-complex and H2-gas were added. The 
viability of the Shewanella culture decreased from approximately 109 intact cells mL-1 to below 
the detection limit (33.3 x 103 cells mL-1) within 2 hours after dosing of PtCl42-. For PtCl62- and 
cisplatin, the number of intact cells decreased to the detection limit within 4 and 6 hours, 
respectively. The addition of the Pt-tetraamine complex and carboplatin lowered the amount 
of intact cells until approximately 105 cells mL-1. These complexes were not reduced during 
the experiment, suggesting a potential additional damaging effect of the reduction and 
precipitation of Pt intra- and extracellularly. Furthermore, the bacteria-metal interaction of 
both Pt-complexes (sorption and reduction) was very limited. Carboplatin was also found to 
be more stable (due to a more stable leaving group) and less toxic than cisplatin in 
chemotherapy treatments (Alderden et al. 2006). Although this study showed a slower 
decrease in intact cells in the case of PtCl42- compared to PtCl62- (based on the S. oneidensis 
culture), PtCl62- was previously found to be more toxic to C. metallidurans than PtCl42-; minimal 
inhibitory concentrations of 39 mg L-1 and 3.4 mg L-1 were determined for respectively the 
Pt(II) and Pt(IV)-chloro complex (Brugger et al. 2013). 
The PtCl42--complex was selected as a toxic and industrially relevant Pt-complex to study the 
vulnerability of the different bacterial organisms towards Pt-complex toxicity (Figure 2-8). 
Among the screened cultures, differences could be observed. The decrease in intact cells was 
almost identical for B. toyonensis and P. stutzeri; the detection limit was reached within 1 
hour, indicating a severe damaging effect during Pt recovery. C. metallidurans appeared to be 
the most resistant species; 1.2 x 106 intact cells mL-1 were still measured after 2 hours and 1.3 
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x 105 intact cells mL-1 after 6 hours. This might be explained by the presence of metal 
resistance gene clusters in this species, enabling cell detoxification (Janssen et al. 2010; Reith 
et al. 2009). Still, the amount of intact cells of all bacterial suspensions decreased finally until 
the detection level (< 27 hours after the initiation of the experiment). Overall, the affected 
viability of the cultures will have been caused by the combined effect of (1) the acidic pH, 
which caused a similar effect on a S. oneidensis culture as the acidic biosorption of PtCl42- 
(about 3 log reduction in intact cells within 1 h; data not shown) (2) the exposure to the Pt-
complexes, as an increased cell membrane permeability by Pt(IV) ions was observed before 
(Rashamuse and Whiteley 2007) and (3) the precipitation of Pt particles, previously shown for 
an Acinetobacter species (Gaidhani et al. 2014). The acidic pH will have affected the bacterial 
cells the most. The substantial effect of the acidic pH on the viability is shown for the S. 
oneidensis suspension containing cisplatin; 3.7 x 108 intact cells mL-1 were still detected after 
6 h when working at pH 5, while only 3.3 x 104 intact cells mL-1 were measured at pH 2 (i.e., 
limit of detection). 
 
Figure 2-7: Membrane integrity of Shewanella oneidensis MR-1 cells during platinum 
recovery as a function of time. Five different Pt-complexes were dosed to investigate the effect 
of the Pt-speciation on the cell viability. The recovery experiment was started at t0 by the 
addition of 100 mg L-1 Pt and H2-gas as electron donor. The pH was initially set at pH 2.0. 
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Figure 2-8: The effect of the addition of Pt(II)Cl42- on the membrane integrity of different 
bacterial cells during platinum recovery as a function of time. Four different bacterial cultures 
were studied; Shewanella oneidensis MR-1, Cupriavidus metallidurans CH34, Bacillus 
toyonensis and Pseudomonas stutzeri. The recovery experiment was started at t0 by the 
addition of 100 mg L-1 Pt and H2-gas as electron donor. The pH was initially set at pH 2.0. 
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3.5 Interaction mechanisms between bacteria and Pt-species 
The bacterial interaction in these biorecovery processes is believed to consist of two 
concomitant steps; (1) the initial sorption of Pt to the cell, which is followed by (2) the 
microbial reduction of the sorbed Pt-molecules (De Corte et al. 2011c; Rotaru et al. 2012). To 
obtain effective metal recovery, both steps are crucial. 
Differences observed during the first sorptive step might be partly related to the different cell 
wall structure of G+ and G--species. The type and distribution of functional groups, 
extracellular polymers, enzymes and proteins might differ depending on the species, 
influencing the bacteria-metal interactions (Jiang et al. 2004; Volesky 2007). In general, the 
recovery of deprotonated complexes is favored by a low pH as functional groups on the 
bacterial surface become protonated at low pH (Guibal et al. 1999). Furthermore, the 
speciation and valence of Pt-complexes is highly dependent on the pH and chloride 
concentration. Chloro, hydroxyl or hydrated complexes can be formed depending on the 
conditions, characterized by a complicated chemistry (Azaroual et al. 2001; Lenz et al. 2005; 
Michalke 2010). Pourbaix diagrams could be generated under relevant matrix conditions for 
different Pt-complexes of interest to gain more insight into possible ongoing interactions. For 
example, the Pt-chloro complexes PtCl42- and PtCl62-, which are important species under acidic 
and saline conditions, are characterized by a negative charge at low pH (Colombo et al. 2008). 
This enables electrostatic interactions with positively charged binding sites such as amine 
groups and results in effective recovery (Colombo et al. 2008; Tanaka and Watanabe 2015). 
Complexes such as (PtCl3(H2O))- and PtCl2(H2O)2, present at low chloride concentrations, might 
have interacted with the bacterial surface under neutral conditions (Mahlamvana and Kriek 
2014). The observed slower recovery and precipitation of Pt(IV) can be explained by the 
sequential transformation of Pt(IV) through Pt(II) to Pt(0) (Riddin et al. 2009). Additionally, 
PtCl62- is expected to be more difficult to reduce, based on the slightly lower standard 
reduction potential of this Pt-complex: E0(Pt(IV)Cl62-  PtCl42-) = + 0.726 V vs. SHE compared 
to E0(PtCl42-) = + 0.758 V vs. SHE (Bard and Faulkner 2001). The first reduction step of Pt(IV) to 
Pt(II) will have slowed down and limited the platinum recovery performance. Riddin et al. 
(2009) proposed a dislocated two-step reduction of Pt(IV) by sulfate-reducing bacteria, in 
which Pt(IV) was reduced to Pt(II) by a cytoplasmic hydrogenase and Pt(II) further to Pt(0) by 
a periplasmic hydrogenase. 
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Furthermore, none of the bacterial species was able to recover the Pt-tetraamine complex. 
Since any sorption was lacking, the neutral complex Pt(NH3)4Cl2 might have formed, 
preventing any interaction with the bacterial surface and making a biological treatment 
ineffective. The uncharged chemotherapy complex cisplatin partitions (partially) into the 
hydrated complexes cis-[PtCl(NH3)2(H2O)]+ and cis-[Pt(NH3)2(H2O)2]2+ when low chloride 
concentrations are present (Michalke 2010). The formation of these positively charged Pt-
complexes might explain the limited sorption by protonated functional groups at low pH. Still, 
complete recovery was possible at low pH in the presence of H2-gas. The limited sorption of, 
for example, a residual amount of the uncharged mother compound can thus be sufficient to 
induce the full reduction of this Pt-complex, as long as a capable microbial species and an 
electron donor are present. A better sorption of cisplatin at neutral pH compared to acidic pH 
was related to the presence of uncharged hydroxyl-complexes by Lenz et al. (2005). The 
second chemotherapy complex carboplatin has been observed to mainly remain stable in 
wastewater and was characterized in our study by a limited recovery under all tested 
conditions (Hann et al. 2005). The formation of Pt precipitates was only observed for cisplatin 
and not for carboplatin. The sorptive recovery of both chemotherapy complexes was studied 
before by using activated sludge, revealing the least sorption for carboplatin (70% vs. 96% for 
cisplatin) (Lenz et al. 2005). 
Different mechanisms might be responsible for the recovery potential of the studied bacterial 
species. The recovery of platinum was investigated before using the related marine species 
Shewanella algae, which was able to recover 90% PtCl62- within 1 hour using lactate as electron 
donor (C0 = 200 mg L-1 Pt at pH 7) (Konishi et al. 2007). This species directly reduced the 
platinum(IV), as any sorption was lacking. To our knowledge, the recovery of platinum by the 
anaerobic species Geobacter metallireducens has not been studied yet, but the reduction of 
palladium was demonstrated recently by the related Geobacter sulfurreducens (Pat-Espadas 
et al. 2013; Yates et al. 2013). The dissimilatory metal reducing bacteria Shewanella and 
Geobacter were found to make use of different hydrogenases and cytochromes, being present 
in the outer membrane, periplasm or cytoplasm, to transfer electrons to reduce the metals 
(Ng et al. 2013a; Yates et al. 2013). The heavy metal-resistant and metallophilic species 
Cupriavidus metallidurans is well-studied for the reduction and precipitation of palladium and 
gold, initiated by the expression of different metal resistance genes (Nies 2000; Reith et al. 
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2009; Yong et al. 2010). Gauthier et al. (2010) demonstrated the recovery of platinum and 
palladium by Cupriavidus metallidurans and Cupriavidus necator species in the presence of 
hydrogen gas; 70 – 74% Pt and 96 – 100% Pd were recovered from a mixed metal acidic 
leachate. The Pseudomonas stutzeri species has been shown to reduce selenate and selenite 
and to produce silver nanoparticles (Lortie et al. 1992; Thakkar et al. 2010). It is hypothesized 
that siderophores, produced by the Pseudomonas species, are involved in a detoxification 
strategy of the species, by extracellularly complexing and reducing various metals (Zawadzka 
et al. 2006). The only studied G+-species, Bacillus toyonensis, has not been utilized yet in metal 
recovery studies, although Bacillus species have been shown to reduce palladium 
(Hosseinkhani et al. 2014). 
In general, the recovery performance depended strongly on the choice of electron donor. The 
limited ability of all species to reduce platinum with acetate as electron donor compared to 
H2 might be linked to the responsible enzymatic pathways of Pt reduction, which are still 
unknown. Therefore, the bioreductive mechanisms and involved enzymes should be 
investigated in depth for all studied species, as well as the effect of the prevalent conditions 
on the enzymatic recovery (e.g. growth condition, pH, applied electron donor). 
This study showed the effective and complete recovery of three common Pt-complexes 
(PtCl42-, PtCl62- and cisplatin) by different axenic cultures. Since the acidic pH strongly affected 
the microbial cultures, the most optimal conditions for both effective recovery and microbial 
viability should be determined for long term applications. The recovery potential of these 
cultures should be further explored under real stream conditions, with special focus on the 
recovery of cisplatin and carboplatin under circumneutral conditions.  
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 CHAPTER 3 
PLATINUM RECOVERY FROM SYNTHETIC EXTREME 
ENVIRONMENTS BY HALOPHILIC BACTERIA 
Abstract 
Metal recycling based on urban mining needs to be established to tackle the increasing supply 
risk of critical metals such as platinum. Presently, efficient strategies are missing for the 
recovery of platinum from diluted industrial process streams, often characterized by 
extremely low pHs and high salt concentrations. In this research, halophilic mixed cultures 
were employed for the biological recovery of platinum. Halophilic bacteria were enriched from 
Artemia cysts, living in salt lakes, in different salt matrices (sea salt mixture and NH4Cl; 20 – 
210 g L-1 salts) and at low to neutral pH (pH 3 – 7). The main taxonomic families present in the 
halophilic cultures were Halomonadaceae, Bacillaceae and Idiomarinaceae. The halophilic 
cultures were able to recover > 98% Pt(II)Cl42- and > 97% Pt(IV)Cl62- at pH 2 within 3 – 21 h (4 
– 453 mg Ptrecovered h-1 g-1 biomass). X-ray absorption spectroscopy confirmed the reduction to 
Pt(0) and transmission electron microscopy revealed both intra- and extracellular Pt 
precipitates, with median diameters of 9 - 30 nm and 11 – 13 nm, for Pt(II)Cl42- and Pt(IV)Cl62-
, respectively. Flow cytometric membrane integrity staining demonstrated the preservation of 
cell viability during platinum recovery. This study demonstrates the Pt recovery potential of 
halophilic mixed cultures in acidic saline conditions. 
 
Chapter redrafted after: 
Maes S., Props R., Fitts J.P., De Smet R., Vilchez-Vargas R., Vital M., Pieper D.H., Vanhaecke F., 
Boon N., and Hennebel T. (2016) Platinum recovery from synthetic extreme environments by 
halophilic bacteria. Environmental Science & Technology 50 (5), 2619-2626. 
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Graphical abstract: Halophilic bacteria, enriched from a salt lake, were able to recover Pt from 
aqueous solutions through the production of Pt particles. Biomass samples were characterized 
by high throughput sequencing, flow cytometry and XAS. 
1. Introduction 
Platinum is an increasingly important element in modern day technologies, but its critical 
supply leads to concerns. Although it is a crucial building block of catalysts in converters, in 
chemical industry, cancer therapy, electronics, etc. (Hennebel et al. 2015), its primary mining 
is environmentally taxing (e.g., terrestrial acidification, ecotoxicity) and its deposits are 
geopolitically highly concentrated, mainly in South Africa and Russia (Nansai et al. 2015), 
endangering the supply to other regions (Graedel et al. 2015). A more efficient use and 
recycling of platinum (e.g., urban mining (Nansai et al. 2015)) will be essential to reduce 
primary mining and supply risks (Nansai et al. 2015; Nansai et al. 2014). Platinum’s high 
intrinsic value (av. 34.7 $ g-1 in 2015 (USGS 2016c)) stimulates the interest in and development 
of recycling strategies (Reck and Graedel 2012), as could be seen by an estimated recycling 
rate of 60 – 70% in 2011 (Graedel et al. 2011). Important secondary sources of platinum could 
be recovery from various liquid process and acidic waste streams from mine drainage or from 
extraction and separation processes in platinum group metal (PGM) refineries, waste streams 
from pharmaceutics, fine chemicals, and jewelry (Zhuang et al. 2015). 
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Conventional hydro-, pyro-, and electrometallurgical processes are applied today for 
recovering metals from the concentrated process streams, but at the moment are insufficient 
or too expensive for the treatment of more dilute streams (< 100 mg Pt L-1) which contain 
lower economic value (Zhuang et al. 2015). Biometallurgy could complement the conventional 
metallurgy and could be included as a sustainable and environmentally friendly process in a 
metal recovery technology flow sheet (Zhuang et al. 2015). During the past decade, the 
bioreductive removal of platinum has been investigated both by using whole cells, for example 
Shewanella algae (Konishi et al. 2007), Acinetobacter sp. (Gaidhani et al. 2014) etc., as well as 
by using microbial products such as hydrogenases (Govender et al. 2009).  So far, these studies 
have focused on the removal of Pt under neutral pH and in a clean matrix (Gaidhani et al. 
2014; Govender et al. 2009), whereas in practice relevant industrial process streams offer 
more challenging conditions (Gauthier et al. 2010; Mabbett et al. 2006): high salt 
concentrations (40 – 300 g L-1), low pH (pH < 3) and elevated ammonium levels up to 50 g L-1 
NH4+. Ammonium-based chemicals such as secondary or tertiary amines and ammonium 
chloride are used in PGM metal refinery processes (Umeda et al. 2011). 
The metal removal potential of selected bacteria from saline environments (e.g., Halomonas 
sp., Thalassospira sp., and Shewanella algae) was already demonstrated for Pd(II) and Pt(IV), 
but at circumneutral pH conditions (Hosseinkhani et al. 2014; Konishi et al. 2007). However, 
specific matrix characteristics such as solution pH and matrix solutes have proven to 
significantly influence the reduction potential and recovery efficiency of, for example, Pd 
species (Borrok and Fein 2005; Pat-Espadas et al. 2014; Zhuang et al. 2015). Nevertheless, 
Gauthier et al. (2010) as well demonstrated the removal of Pd and Pt by Cupriavidus sp. from 
a strongly acidic and saline stream (pH 1.4; 200 g L-1 salts). 
For now, researchers mainly relied on well-known freshwater bacteria and adapted the harsh 
waste stream conditions to a point suitable for these species. Alternatively, specialized 
extremophilic bacteria such as halophiles originating from hypersaline environments could 
possibly cope with these conditions (Oren 2002; Quiroz et al. 2015). Their unique 
environments (high salinity, often extreme pH) select for competitive stress tolerant 
organisms and result in high microbial diversity (Quiroz et al. 2015). 
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The aim of this research was to investigate the platinum recovery potential of halophilic mixed 
cultures under industrially relevant conditions (i.e., presence of low pH and salts). Halophilic 
cultures were enriched from Artemia cysts, originating from hypersaline environments. These 
were cultivated at increasing salt concentrations and from low to neutral pH and subsequently 
characterized by high throughput sequencing analysis. The bioreduction of Pt(II)Cl42- and 
Pt(IV)Cl62- was evaluated for four selected halophilic mixed cultures, with pure H2-gas as 
electron donor. Similar to Chapter 2, recovery was tested at 100 mg L-1 Pt, as this Pt level is 
representative for industrial metal streams (Gauthier et al. 2010; Mabbett et al. 2006). The 
morphology, size distributions and metal speciation of the Pt particles were determined, as 
well as the viability of the halophilic cells during platinum recovery. This study aims at the 
recovery of platinum from a liquid stream and the simultaneous production of Pt loaded 
biomass, which can be further processed as one of the feeds of a precious metals refinery. 
2. Materials and methods 
2.1 Microbial cultures and growth conditions 
Artemia cysts, obtained from a salt lake located in Vinh Chau, Vietnam, were used in this study 
as a source for the enrichment of halophilic bacteria. Dried Artemia cysts are known to contain 
a diverse halophilic community associated to the cysts and are easy to handle. These cysts 
were obtained from the Laboratory of Aquaculture & Artemia Reference Center (ARC), Ghent 
University, Belgium. To isolate and actively grow the associated bacteria, the cysts were 
initially incubated aerobically in Lysogeny broth (LB-Lennox; 10 g L-1 tryptone, 5 g L-1 yeast 
extract and 5 g L-1 NaCl) medium with 35 – 105 g L-1 additional sea salts (Instant Ocean, a 
synthetic seawater mixture, referred to as “sea salts”) or 5 - 20 g L-1 NH4Cl at 28°C and neutral 
pH. Instant Ocean was chosen as salt mixture in order to represent as closely as possible the 
natural environment and consists of Na+ (462 mmol kg-1), K+ (9.4 mmol kg-1), Mg2+ (52 mmol 
kg-1), and Ca2+ (9.4 mmol kg-1) as major cations and Cl- (521 mmol kg-1) and SO42- (23 mmol 
kg-1) as major anions (Atkinson and Bingman 1997). During a second and third enrichment, the 
resulting halophilic mixed cultures were transferred and grown in LB broth containing 35 - 210 
g L-1 sea salts and 20 - 70 g L-1 NH4Cl, all at neutral pH. The halophilic mixed culture obtained 
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from the 105 g L-1 growth condition was further enriched in LB broth containing 105 g L-1 sea 
salts at low (pH 3) and medium pH (pH 5), as well. 
2.2 Platinum precipitation by halophilic cultures 
The halophilic mixed cultures were harvested by centrifugation at 8200 g for 7 min, and were 
washed four times with phosphate buffered saline (PBS, 24.1 g L-1 total salts; 6.8 g L-1 KH2PO4, 
8.8 g L-1 K2HPO4 and 8.5 g L-1 NaCl). The cells were suspended in PBS to a final optical density 
of 1.0 (at 610 nm) and added to 120 mL glass serum flasks (50 mL cell suspensions). After 20 
repeated cycles of N2 overpressure and vacuum underpressure to remove all traces of oxygen, 
the headspace was replaced with 100% H2-gas, used as electron donor. Subsequently, 
K2Pt(II)Cl4 or K2Pt(IV)Cl6 was spiked to a final concentration of 100 mg L-1 Pt. During the entire 
experiment, the serum flasks were incubated, and continuously mixed at 100 rpm and 28°C. 
The pH was always set at pH 2.0, by the addition of HCl, at the start of the experiment. The pH 
was measured at the beginning and at the end of the experiments and remained within the 
same range ( 0.1 pH unit). Platinum recovery was also investigated in a sorption control 
(biomass sample with Pt, no H2), a heat-killed control (biomass pretreated at 121°C during 15 
min) and in abiotic reduction controls (Pt with H2, no biomass). 
2.3 Inductively coupled plasma optical emission spectrometry 
Platinum concentrations of aqueous samples were determined using ICP-OES. Therefore, the 
Pt containing biomass was separated from the liquid medium by centrifugation at 9000 g for 
7 min. The supernatant samples were diluted 10 times with a 1% HNO3/1% HCl solution, and 
spiked with yttrium as internal standard (1 mg L-1). The resulting platinum concentrations were 
determined with a Spectro Arcos ICP-OES (Spectro Analytical Instruments GmbH, Kleve, 
Germany). Prior to analysis, the ICP-OES was optimized with a solution containing 2 mg L-1 Pb, 
As and Mn (in 2% HNO3). The ICP-OES parameters were: a plasma power of 1375 W (1100 – 
1450 W), a pump flow rate of 30 rpm, a coolant flow of 12 L min-1, an auxiliary flow of 0.9 L 
min-1, and a nebulizer flow of 1.2 L min-1. Platinum peaks were measured at 177.708, 191.170, 
203.711, and 214.423 nm and yttrium at 371.030 and 377.433 nm. Argon peaks (404.442 and 
430.010 nm) were used to indicate the potential influence of organic matrices. The detection 
limit was 0.5 mg L-1 Pt. 
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2.4 Transmission electron microscopy 
When the recovery experiment was finished, the bacterial suspension was washed four times 
with PBS, and the supernatant was removed. Subsequently, the bacteria were fixed in 0.1 M 
cacodylate buffer, containing 4% paraformaldehyde and 5% glutaraldehyde, for 48 h. 
Afterwards, samples were washed overnight with 0.1 M sodium cacodylate buffer. Following 
postfixation in 1% osmium tetroxide for 1 h, samples were dehydrated in a series of alcohol 
(50, 70, 90 and 100%) and embedded in Epon medium (Aurion, Wageningen, the 
Netherlands). Ultrathin sections of 60 nm were examined without contrast by imaging with a 
Zeiss TEM900 transmission electron microscope (Carl Zeiss, Oberkochen, Germany) at 50 kV. 
Particle size distributions were determined, based on the electron micrographs using ImageJ 
freeware. First, a binary image was created by visually adjusting the threshold value. 
Subsequently, particle diameters were determined, while considering the particles as spheres. 
2.5 Illumina sequencing and data processing 
Samples (1 mL stationary culture) were collected of the different halophilic mixed cultures and 
total DNA was extracted as previously described (Vilchez-Vargas et al. 2013). Prokaryotic 
diversity was analyzed using pair-end high throughput sequencing (MiSeq Illumina platform). 
Regions V5 – V6 of the 16S rRNA gene were amplified and targeted with suitable adapters and 
barcodes (Bohorquez et al. 2012; Camarinha-Silva et al. 2014). A total of 764 042 reads of 280 
nucleotides length (forward and reverse reads) were obtained. After a quality filter 
(Camarinha-Silva et al. 2014) and manual assembling, allowing zero mismatch, of the forward 
and reverse strands a total of 625 853 reads were obtained and clustered into 291 unique 
phylotypes. These unique phylotypes were annotated using the ribosomal database with a 
80% confidence threshold (Wang et al. 2007). For further analysis sequencing depth was 
normalized to the minimum sequencing depth of 22 274 reads per sample. The vegan package 
of R (version 3.0.2) was used for principal component analysis, clustering the samples (using 
Bray Curtis dissimilarity), and building the rarefaction curves. The phyloseq package of R was 
used for normalizing to the minimum sequencing depth. The most relevant phylotypes were 
blasted in the NCBI database and the closest relative sequences were retrieved. Alignment of 
the V5 - V6 region of the 16S rRNA gene was performed with muscle (Edgar 2004) and the tree 
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was built with MEGA5, using the Neighbor-joining method, Jukes-Cantor model and pairwise 
deletion with 1000 bootstrap replications. 
2.6 X-ray absorption spectroscopy 
All XAS spectroscopy measurements were performed using the microprobe beamline X27A 
at the National Synchrotron Light Source (NSLS), Upton, NY. Aliquots of fully hydrated Pt-
biomass samples were transferred to an air-tight polypropylene bag to prevent drying. 
Samples were secured to an x, y, z motorized stage 45 degrees to the incident beam and 13-
element HGe Canberra fluorescence detector. The beam spot-size on the sample was 
maintained at ca. 15 m. By means of X-ray Absorption Near Edge Structure (XANES) and 
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopies, the oxidation state and 
first-shell coordination environment of the Pt phase associated with the biomass was 
examined. All spectra were collected at room temperature. X-ray fluorescence was measured 
from 150 eV below to 800 eV above the Pt L3-edge. Absolute x-ray energy calibration was 
based on the first inflection point of standard Pt (11 919 eV) metal foil, which was collected in 
transmission mode as an internal calibration during each scan. Normalization, calibration and 
averaging of the XAS spectra and ab initio fitting of the EXAFS region of the spectra were 
performed using Athena and Artemis software (Ravel and Newville 2005). 
2.7 Cell viability using flow cytometry 
The impact of the imposed physicochemical stressors (pH and platinum) on the bacterial 
communities was assessed by means of flow cytometric analysis. This technology can be used 
to count and characterize suspended particles (e.g., bacteria) by sending them through a light 
beam and detecting the scattered light. Bacterial cells were stained with a combination of 
SYBR® Green I (SG; Invitrogen) and propidium iodide (PI; Invitrogen) which allowed the 
quantification of membrane damaged and intact bacterial cell densities using different 
fluorescent channels. The staining work solution (SGPI) was prepared by diluting the SG 
concentrate (10 000x in dimethyl sulfoxide (DMSO)) 1:100, and adding PI to a final 
concentration of 40 µM in 0.22 µm filtered DMSO (De Roy et al. 2012). Anaerobic batch 
experiments of each mixed culture (at OD610nm = 1.0) were exposed to pH 2.0 and 100 mg L-1 
Pt(II)Cl42-, and 0.5 mL was sampled at defined time points for up to 6 hours. A pH correction 
was performed with a 1.0 M HCl solution at time point t0. Samples were immediately diluted 
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100 times in sterile, 0.22 µm filtered PBS, and stored at 4°C until further analysis. For flow 
cytometric analysis, samples were, if necessary, further diluted to approximately 106 cells 
mL-1, and stained with 10 µL mL-1 of the SGPI staining solution to a final concentration of 1x 
SG and 4 µM PI. The stained samples were incubated for 13 minutes in the dark at 37°C, and 
directly analyzed on a BD Accuri C6 cytometer (BD Biosciences) equipped with a 20 mW 488 
nm blue laser. Green (FL1) and red (FL3) fluorescence intensities were collected through a 533 
 30 nm band pass and 670 nm long pass filter. All samples were analyzed in triplicate within 
6 hours of sampling. For each sample run 25 µL sample volume was analyzed. Cell counts were 
extracted from manually drawn gates on the logarithmic FL1 ~ FL3 bivariate plots as described 
elsewhere (SLMB 2012). 
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3. Results and discussion 
3.1 Cultivation and identification of halophilic bacteria from brine shrimp 
cysts 
To tackle the challenging conditions of industrial process streams, specialized microbial 
cultures were enriched from hypersaline environments. Cysts of the brine shrimp Artemia, 
known to harbor a diverse community of halophilic microbial species (Quiroz et al. 2015), were 
chosen in this study as the source of salt tolerant microbial communities. A salt lake located 
in Vinh Chau, Vietnam, characterized by salt concentrations of 80 – 90 g L-1 (pH 7.5), was 
sampled for dormant encysted Artemia embryos. High throughput sequencing was utilized to 
reveal the microbial composition associated with the cyst inoculum sample and its subsequent 
enrichments (Figure 3-1). The bacteria most commonly identified in the cyst inoculum 
belonged to the genus Salinibacter and the order Oceanospirillales. The cysts contained 
archaeal species as well, belonging to the family Halobacteriaceae. Different species from the 
phyla Bacteroidetes, Firmicutes, and Proteobacteria were present at a lower relative 
abundance. 
The sampled Artemia cysts were initially incubated in salt containing LB-broth medium, thus 
selecting for fast growing bacteria. Subsequently, the microorganisms associated with the 
Artemia cysts were cultivated at increasing salt concentrations and different pH levels by 
means of sequential enrichments. The process streams of interest are always characterized 
by high salt levels but can vary in pH (pH 2 - 7). Therefore, we opted to select for salt tolerant 
cultures, which were further enriched at different pH levels. To mimic the saline and acidic 
conditions of PGM refinery streams, cultures were grown in the presence of 35 – 210 g L-1 sea 
salts (S), or 20 – 70 g L-1 NH4Cl (A) and at low (pH 3, L), medium (pH 5, M), or neutral pH (pH 7, 
N). Cultures in this study are presented by a code indicating the salt matrix (S or A), the salt 
concentration in g L-1 (20 – 210) and the pH (L, M or N). 
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Figure 3-1: Heatmap representing all OTUs (Operational Taxonomic Units) present at a 
relative abundance ≥ 0.1% in at least one of the samples. The relative abundance is indicated 
by a color scale ranging from 0 to 85%. The clustering on top of the heatmap shows the 
difference in composition between the investigated halophilic cultures. Halophilic cells were 
cultivated at increasing salt concentrations (blue symbol: sea salts (S), red symbol: NH4Cl (A); 
salt concentration is indicated in g L-1) and different pH levels (low , medium , neutral ). 
The Artemia cysts used as inoculum were included as well. The taxonomy of each species is 
shown at the phylum level (left column) and at the lowest determined level (right column). 
The microbial composition present in the samples, grown under 13 different combinations of 
previously mentioned conditions, was determined as well (Figure 3-1; see also Appendix 3-1). 
In contrast to the initial Artemia sample, members of the genus Halomonas were dominant in 
most of these cultures, except under the conditions of cultures A70M, A70L and S105L. The 
importance of the genus Halomonas in Artemia associated microbiomes was demonstrated 
by several studies (Riddle et al. 2013; Tkavc et al. 2011). The influence of the salt 
concentration, NH4Cl and pH on the microbial composition of the cultures was examined by 
Platinum recovery by halophiles 
71 
principal component analysis (PCA, Figure 3-2). Increased salt levels mainly induced the 
presence of genera Halomonas and Idiomarina, whereas the genera Bacillus and 
Marinobacter were present as well, but to a lower degree. Acidic environments favored the 
presence of Idiomarinaceae species, demonstrated by the increased relative abundance in 
samples S105L (67%) and A70L (27%) (Figure 3-1). Additionally, an acidic pH induced the 
presence of species from the families Flavobacteriaceae and Sphingobacteriaceae, as well as 
from the genus Bacillus. Strongly acidic conditions (pH 3) decreased the total relative 
abundance of identified Halomonas species. Finally, ammonium mainly induced the presence 
of the genus Psychrobacter which preferred the lower NH4Cl concentration range (20 – 35 g 
L-1, samples A20N and A35N). Overall, the salt matrix and low pH were the primary drivers 
determining the microbial community composition (Figure 3-1 and Figure 3-2). The Bray-
Curtis dissimilarity among the different cultures was quantified based on the relative 
abundances between samples, represented by the clustering in Figure 3-1. The strongly acidic 
pH (pH 3) differentiated the microbial composition the most, as cultures S105L and A70L 
cluster together, regardless of the salt matrix. The salt matrix was determinative at medium 
to neutral pH since all NH4Cl grown cultures clustered separately from the sea salt samples. 
The clustering also clearly demonstrates the microbial diversity between the Artemia 
inoculum sample and the enriched cultures. 
After the broad microbial screening, a small selection of diverse and industrially relevant 
cultures was subjected to platinum recovery experiments. Cultures were chosen so that an 
experimental design consisting of both salt matrices and three pH levels (pH 3, 5 and 7) across 
a range of moderately high salt levels (70 – 105 g L-1) was possible. Based on the microbial 
diversity and the differentiated growth conditions, cultures S105L, S105M, S70N, and A70N 
were selected as models for halophilic enrichment cultures. The heatmap and cluster analysis 
(Figure 3-1) highlight the differences in microbial diversity between these four cultures. The 
differences among the community assemblies were driven by the abiotic growth conditions 
(pH, salt concentration and NH4Cl), as shown in the PCA plot (Figure 3-2). 
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Figure 3-2: Principal component analysis (PCA) presenting the influence of salts, pH and 
ammonium level on the investigated halophilic cultures and the main associated microbial 
species (at OTU level, indicated by O#). Halophilic cells were cultivated at increasing salt 
concentrations (blue symbol: sea salts (S), red symbol: NH4Cl (A); salt concentration is indicated 
in g L-1) and different pH levels (low , medium , neutral ). 
To ensure sustained treatment of process streams, growth parameters are vital criteria for 
selecting the right microbial biomass. The bacterial surface area and cell density will impact 
the metal recovery capacity of any biological technology. Furthermore, platinum recovery 
reactors will have to be fed by new active biomass on a regular basis. Therefore, fast growing 
bacteria would offer a big advantage for a biologically driven reactor technology. The 
morphology and growth kinetics of the selected cultures differed considerably (Figure 3-3); 
mean cell sizes ranged from 0.79 m (S105M) up to 2.57 m (S105L). Culture S105L, cultivated 
Platinum recovery by halophiles 
73 
at a strongly acidic pH, was characterized by a very broad cell size distribution, covering a 1.15 
- 6.13 m range (5% and 95% percentile). Culture S105M was characterized by the smallest 
cells on average and the highest specific growth rate by far (0.47 d-1). In comparison, the 
halophilic cells adapted to NH4Cl (A70N) showed the lowest growth rate, about 1 order of 
magnitude lower (0.04 d-1) than culture S105M, and a lower cell density; 4.3 x 108 cells mL-1 
compared to about 1.1 x 109 cells mL-1 for cultures S105M and S70N (OD610 nm = 1). Their 
possible advantage of being adapted for application in ammonium-loaded streams diminishes 
based on the growth kinetics. Overall, the low pH strongly affected the composition and 
morphology of the microbial community, and lowered the growth rate (0.06 d-1) and cell 
density (7.2 x 107 cells mL-1) of the adapted culture S105L considerably. Additionally, the 
added stress of ammonium salts induced an even more specialized, narrow sized culture, 
consisting of very slow growing cells. 
 
Figure 3-3: (A) Cell size distributions and (B) growth rates of the four selected halophilic 
mixed cultures. Cell size distributions are visualized by box plots, including median (full line) 
and mean (dotted line) diameter and 5% and 95% percentiles (). 
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3.2 Platinum precipitation by halophilic mixed cultures 
The four selected halophilic cultures were subsequently used to recover platinum from the 
aqueous phase and concentrate it on the bacterial biomass. The platinum recovery potential 
was investigated for both aqueous Pt(II)Cl42- and Pt(IV)Cl62- species at pH 2. All tested halophilic 
communities were able to recover Pt(II)Cl42- from the aqueous phase with > 98% efficiency in 
the presence of hydrogen gas as electron donor (Figure 3-4). The sorption control (absence of 
electron donor) and heat-killed control (with electron donor) removed only 5.0 and 7.9% 
Pt(II)Cl42-, respectively. Abiotic reduction by H2-gas was negligible for both Pt(II)Cl42- and 
Pt(IV)Cl62- (1.3%). 
 
Figure 3-4: Residual platinum concentrations (%) of (A) Pt(II)Cl42- and (B) Pt(IV)Cl62- as a 
function of time during platinum recovery using halophilic cells (C0 = 100 mg L-1 Pt, H2-gas as 
electron donor). Biological platinum recovery was investigated for four halophilic mixed 
cultures, each characterized by specific growth conditions; S105L, S105M, S70N, and A70N. 
The recovery rate of Pt was very different across the studied cultures; whereas the 
precipitation of Pt(II)Cl42- was induced within the first hour using the S105L culture (452.5 mg 
Ptrecovered h-1 g-1 biomass), other halophilic mixtures required 3 to 6 h (49.6 and 13.0 mg 
Ptrecovered h-1 g-1 biomass for cultures A70N and S105M respectively), and even longer for 
culture S70N (7 - 24 h; 4.1 mg Ptrecovered h-1 g-1 biomass). The biological recovery of platinum(IV) 
appeared to be slower (8.5 - 21 h), but was as effective as Pt(II) recovery (97.1 – 99.5%; 4.1 – 
10.7 mg Ptrecovered h-1 g-1 biomass, 64.4 mg Ptrecovered h-1 g-1 biomass for S105L) (Figure 3-4). 
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Previous studies using enzymatically active microorganisms have only reported Pt removal 
efficiencies under neutral to alkalic pH (Govender et al. 2009; Riddin et al. 2009). The metal-
ion reducing and marine bacterium Shewanella algae reduced 90% Pt(IV) within the first hour, 
using lactate as electron donor (185.3 mg Ptrecovered h-1 g-1 biomass, pH 7) (Konishi et al. 2007). 
Sulfate-reducing bacteria were reported to remove 44% Pt(II) (0.6 mg Ptrecovered h-1 g-1 biomass, 
pH 7.6) and 95% Pt(IV) (1.2 mg Ptrecovered h-1 g-1 biomass, pH 7.6), within 8 h and in the presence 
of H2-gas (Riddin et al. 2009). However, most freshwater and known metal reducing microbes 
would not cope easily with strongly acidic and saline conditions, making them inapplicable for 
metal refinery process streams. To our knowledge, no halophilic mixed microbial cultures have 
been developed for the biological reduction of PGMs. Previous researchers already applied 
single strain halophilic isolates, e.g., Halomonas sp., Bacillus sp., and Thalassospira sp. for a 
100% removal of Pd(II) within 24 h. However, they aimed at producing living palladized cells 
for the dehalogenation of polluted marine sediments and did not investigate Pd reduction in 
acidic or saline conditions. Few studies have investigated biological PGM recovery from real 
waste streams. Mabbett et al. (2006) reported the recovery of palladium, platinum and 
rhodium by Desulfovibrio desulfuricans and Escherichia coli species from acidic leachates, 
derived from PGM metal scrap. However, palladized cells, that is, cells containing Pd 
precipitates produced by the use of a commercial Pd(II) solution and H2, were required 
because the harsh conditions of the PGM metal stream (acidic Cu-containing aqueous wastes) 
inhibited metal recovery by nonpalladized cells. Additionally, the acidic leachates had to be 
diluted and the pH adjusted prior to treatment. In contrast, Cupriavidus necator and 
Cupriavidus metallidurans species were able to recover Pd with high efficiency from a mixed 
metal acidic leachate, without any predilution or pH adjustment (pH 1.4) (Gauthier et al. 
2010). Moreover, nonpalladized cells achieved a similar Pd recovery efficiency as palladized 
cells; 96 – 100%. The complete Pd removal in the abiotic control revealed the possibility of an 
abiotic, nonenzymatic process. Nevertheless, a simple desalting protocol was still applied, 
based on freeze-thaw cycles, to lower the salt level (decrease from 300 to 200 g L-1). Platinum 
and rhodium exhibited recoveries of 74 and 57%, respectively. The removal of other elements 
present in the leachate (Ag, Au, Ir, Ru, Pb and Cu) was not reported by Gauthier et al. (2010). 
In summary, previous studies were required to reduce process stream toxicity by means of 
dilution, pH adjustment, desalination or the application of palladized biomass using a 
commercial metal source. 
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The pH and salt level strongly determine bacteria-metal interactions. Increased ionic strength 
and proton concentrations affect the membrane charge of a bacterial surface, and the 
protonation and activity of its functional groups, affecting metal sorption (Borrok and Fein 
2005; Fein et al. 2005). Furthermore, metal cation speciation, activity and affinity for binding 
sites at the cell surface change as a function of pH and ionic strength (Borrok and Fein 2005; 
Pat-Espadas et al. 2014). For example, at increased chloride levels and acidic pH, Pt(II) is mainly 
present as the negatively charged platinum-chloride complexes (Colombo et al. 2008). The 
optimal pH-range for Pt(II)Cl42- and Pt(IV)Cl62- sorption was observed to be 2.0 – 3.0 (Tanaka 
and Watanabe 2015). Bacterial surfaces will contain protonated surface groups such as amines 
under acidic conditions, facilitating good interaction and recovery with such Pt-chlorides 
(Tanaka and Watanabe 2015). However, the effect of the different governing parameters (i.e., 
pH and ionic strength) on the metal recovery will ultimately depend on the metal and 
microbial consortium of interest (Zhuang et al. 2015). For example, the adsorption of metals 
Cd, Pb and Sr onto G- bacteria decreased as a function of increased ionic strength (0.01 – 0.5 
M), mainly due to changes in the activity of the aqueous metal cations (Borrok and Fein 2005). 
Although the acidic conditions (pH 2) in the current study promoted sorption, the high saline 
conditions resulting in an ionic strength of 0.52 M likely decreased platinum sorption on the 
G- Halomonas sp. (as an important constituent of the used cell culture). A better 
characterization of the ongoing interactions and the influence of the prevalent conditions can 
be obtained through zeta potential measurements to determine the surface charge of the 
microbial cells. Since near complete recoveries were obtained and sorption could not explain 
for the entire Pt recovery percentages, the removal mechanism was studied with transmission 
electron microscopy (TEM). 
TEM provides insight into the presence, spatial distribution, and morphology of platinum 
precipitates recovered by the biomass. The TEM micrographs of halophilic cells exposed to 
either 100 mg L-1 Pt(II)Cl42- or Pt(IV)Cl62- in the presence of H2 are shown in Figure 3-5 (cultures 
S105L and S70N) and Figure 3-6 (cultures S105M and A70N). The location, size, and 
morphology of the platinum particles were observed to be very diverse. All samples from 
these four cultures showed Pt particles mainly ranging from 2 to 224 nm, but the size 
distribution and number of particles per cell differed. Particle size distributions for all 
conditions are reported in Figure 3-7 to Figure 3-9. 
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Figure 3-5: Transmission electron microscopy (TEM) images of thin sections of halophilic cells 
loaded with platinum particles: precipitation of 100 mg L-1 Pt(II)Cl42- and Pt(IV)Cl62- by cultures 
S105L and S70N, respectively, in the presence of H2. 
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Figure 3-6: Transmission electron microscopy (TEM) images of thin sections of halophilic cells 
loaded with platinum particles: precipitation of Pt(II)Cl42- and Pt(IV)Cl62- by cultures S105M 
and A70N, respectively, in the presence of H2. 
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Figure 3-7: Particle size distributions of platinum nanoparticles (nm) (based on frequency), 
formed by the four selected halophilic cultures (S105L, S105M, S70N, and A70N) starting from 
Pt(II)Cl42-, in the presence of H2. The legend shows the size ranges in nm. 
 
Figure 3-8: Particle size distribution of platinum nanoparticles (nm) (based on frequency), 
formed by the four selected halophilic cultures (S105L, S105M, S70N, and A70N) starting from 
Pt(IV)Cl62-, in the presence of H2. The legend shows the size ranges in nm. 
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Figure 3-9: Particle size distributions of platinum nanoparticles (nm) formed by the four 
selected halophilic cultures (S105L, S105M, S70N, and A70N) starting from (A) Pt(II)Cl42- and 
(B) Pt(IV)Cl62-. Distributions are visualized by box plots, including median (full line) and mean 
(dotted line) diameter and 5% and 95% percentiles (). 
TEM micrographs show that after culture S105L was exposed to Pt(II)Cl42-, platinum 
precipitated exclusively on the cell wall and formed bigger clusters. The Pt suspension was 
characterized by an exceptionally broad particle size distribution, covering a 2.1 – 224.2 nm 
range (5% and 95% percentile), with a median diameter of 27.7 nm. In contrast, TEM 
micrographs of cultures S105M and A70N incubated with Pt(II)Cl42- revealed much smaller 
nanoparticles, ranging mainly from 2 to 30 nm, and characterized by a median diameter of 
10.6 and 11.5 nm, respectively. Most of the particles were precipitated on the cell wall and in 
the periplasmic space, whereas the S70N culture accumulated platinum mainly intracellularly, 
forming larger Pt clusters inside the halophilic cells (median diameter of 9.4 nm). 
After exposure to Pt(IV)Cl62-, all cultures showed both intra- and extracellular precipitation. 
Particles were more randomly spread over the cells, and characterized by a median size of 
10.6 – 13.4 nm. In general, similar (S105M and A70N) or greater numbers (S105L) of smaller 
particles were observed after platinum(IV) recovery compared to Pt(II) recovery. From the 
TEM pictures, it is clear that only subpopulations within the enrichments interact with 
platinum. For recovery applications, the use of balanced mixed cultures is still preferred 
because of the ease of use and cultivation, and their flexibility toward varying applications. 
The main genera detected in the halophilic mixed cultures of this study, that is, Halomonas 
and Bacillus, were investigated before by Hosseinkhani et al. (2014) for the bioreduction of 
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palladium. Halomonas sp. (G--species) formed very small Pd nanoparticles (< 10 nm) both 
intra– and extracellularly, whereas Bacillus sp. (G+-species) deposited particles up to 50 nm, 
mainly extracellularly on the cell wall (Hosseinkhani et al. 2014). Hosseinkhani et al. (2014) 
indicated the importance of a thinner peptidoglycan layer of G--species, possibly promoting 
metal transport to the cytoplasm and thus enhancing intracellular precipitation. Differences 
in Pt immobilization in the studied mixed cultures might be due to the involvement of several 
species, possibly characterized by a different cell envelope structure (e.g., involvement of G+ 
Bacillus sp. in culture S105L). 
3.3 Platinum speciation analysis 
X-ray absorption spectroscopy was used to determine the predominant oxidation state of the 
Pt recovered by the halophilic biomass and the nature of Pt bonding within the nanoparticles 
observed in the TEM images. The X-ray Absorption Near Edge Structure (XANES) region of the 
spectra shown in Figure 3-10 compare water saturated halophilic biomass samples produced 
by Pt recovery with electron donor (H2) from aqueous K2Pt(II)Cl4 solutions (100 mg L-1 Pt, pH 
2, 24.1 g L-1 PBS salts). The white line position, which is defined as peak intensity, of all Pt(II)-
biomass spectra (11 565 – 11 566 eV) are shifted relative to peak intensity of the Pt(II)-aquo 
cation in solution (11 568 eV). These whiteline shifts are all consistent with reduction to 
zerovalent platinum. The zoomed inset in Figure 3-10 shows variable shifts to lower energy of 
all Pt(II)-biomass samples relative to Pt(0) reference that could indicate incomplete reduction 
and/or disordered bonding with the Pt(0) nanoparticles (Sanchez et al. 2009). In contrast, 
XANES spectra of biomass samples collected from Pt(IV) reduction experiments shown in 
Figure 3-11 are more closely aligned with Pt(0) reference spectrum. However, the shape of 
the XANES spectra and the periodicities of the oscillations within the Extended X-ray 
Absorption Fine Structure (EXAFS) region of the spectra of biomass samples following either 
Pt(II) or Pt(IV) recovery are dominated by Pt-Pt bonds (2.74 - 2.76; see Appendix 3-2), which 
is consistent with previously reported bonds lengths in Pt-Pt metal catalysts (Wei et al. 2014). 
Furthermore, the EXAFS spectrum of the Pt(II) recovered by A70N was the only spectrum to 
show evidence of Pt-Cl or Pt-O bonding (Qiao et al. 2011). While the XANES did not produce 
any truly novel information, we are able to provide more confidence to the particle size 
distributions derived from the TEM images given that the XANES spectra average over millions 
of Pt particles within each sample. 
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Figure 3-10: X-ray absorption near edge spectroscopy (XANES) spectra of biomass pellet 
samples after Pt(II)Cl42- recovery (100 mg L-1 Pt) by four halophilic mixed cultures: S105L, 
S105M, S70N, and A70N. 
 
Figure 3-11: X-ray absorption near edge spectroscopy (XANES) spectra of biomass pellet 
samples after Pt(IV)Cl62- recovery (100 mg L-1 Pt) by four halophilic mixed cultures: S105L, 
S105M, S70N, and A70N. 
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3.4 Membrane integrity of halophilic cultures during platinum recovery 
Halophilic mixed cultures were cultivated at high salt concentrations and acidic pH to mimic 
and adapt them to the challenging conditions of the process streams. However, the exposure 
to platinum has the potential to induce an additional physiological stress during metal 
recovery applications. As a consequence, the biologically driven recovery processes and 
efficiency could be affected. It is thus important that the viability of the microbial community 
is optimally preserved. Viable biomass also offers the potential benefits of in situ growth and 
biomass renewal under challenging conditions. To evaluate the viability of the halophilic 
cultures during platinum recovery we monitored the bioreductive process through flow 
cytometry based membrane integrity staining, selected as indicator for structural cell integrity 
(Berney et al. 2007). This staining made it possible to quantify the amount of cells with an 
intact cellular membrane during platinum recovery experiments. Cells that maintained their 
membrane integrity will be further referred to as intact cells. It needs to be noted that mixed 
cultures are inherently variable populations, so a relative interpretation of the results is 
preferred. Initiation of the recovery experiment by dosing of the platinum solution and 
lowering the pH to 2 induced a near instantaneous 1.6 and 1.9 log10 decrease in intact cells 
mL-1 in cultures S70N and S105M (approx. - 0.62 and 0.96 g L-1 DM), respectively (Figure 3-12). 
Culture A70N showed a higher survival (0.6 log10 decrease in intact cells mL-1; approx. - 0.01 g 
L-1 DM). The amount of intact cells further decreased during platinum recovery, resulting in 
approximately 106 intact cells mL-1 for cultures S70N and S105M after 6 h. The viability of 
culture A70N was only slightly affected throughout the experiment, suggesting its higher 
resistance toward platinum and acidic pH. Culture S105L, grown at pH 3, could withstand the 
acidic metal stream the most; a small decrease of 0.5 log10 (intact cells mL-1; only approx. - 0.04 
g L-1 DM) was measured during reduction. Even though the cultures were clearly affected, 
these halophilic microbial communities could cope with the challenging conditions by 
maintaining a viable population (7.9 x 105 – 1.8 x 107 intact cells mL-1). The viability 
assessments directly correlate with the platinum recovery performance (Figure 3-4); culture 
S105L was the most resistant and fastest platinum reducing culture, indicating the importance 
of intact cells for efficient biologically mediated platinum reduction. The more severe a culture 
was affected by the experimental conditions, the lower the Pt recovery rate. The resistance 
towards Pt might also be linked to the location of the Pt particles; the most resistant culture 
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S105L shows only extracellular Pt precipitates, which might explain the smaller effect on the 
viability (Yates et al. 2013). Still, we assume that both intact and nonintact cells participate in 
the precipitation of platinum. Furthermore, a nonquantified part of the remaining intact cells 
do not interact with platinum and are thus not interesting for Pt recovery. This might be due 
to the differences in cell envelope structure and intrinsic metal reduction capacities of the 
different species. However, mixed cultures are preferred over specific pure cultures since they 
include generally more balanced populations and are economically more feasible and practical 
to cultivate. 
The intracellular precipitation of platinum nanoparticles has been previously shown to affect 
cell viability of Acinetobacter calcoaceticus, in which the cultivable fraction decreased by 
approximately 0.4 log10 colony forming units (cfu) mL-1 (Gaidhani et al. 2014). Rashamuse et 
al. (2007) observed an increased permeability of the cell membrane of sulfate-reducing 
bacteria, due to exposure to Pt(IV) ions. The acidic pH (pH 2) will also affect the viability of the 
cultures. Control samples (e.g., halophilic cultures at pH 2) were characterized by a similar 
decrease in intact cells as the Pt recovery samples; a 0.3 log10 up to 2.8 log10 decrease in intact 
cells mL-1 was observed for cultures S105L and S70N (approx. - 0.03 and 0.63 g L-1 DM), 
respectively. The strongly acidic pH had the greatest effect on the viability of halophilic 
cultures in this study. Yet, halophilic species belonging to the genera Bacillus and Halomonas 
have shown to be highly resistant to heavy metals, for example, As5+, Pb2+, or Cu2+ (Osman et 
al. 2010; Singh et al. 2010), and are thus suitable for application under metal and salt stressed 
conditions, as long as pH effects remain limited. 
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Figure 3-12: Membrane integrity of halophilic cultures during platinum recovery as a 
function of time. At timepoint t0 cells were incubated with 100 mg L-1 Pt(II)Cl42- at pH 2.0. Four 
halophilic mixed cultures characterized by their growth conditions were used: S105L, S105M, 
S70N, and A70N. 
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3.5 Implications for biomass recovery of critical metals 
This study represents an important step toward the use of mixed halophilic cultures for the 
microbial recovery of platinum from process and waste streams. The cell viability, platinum 
reduction kinetics and growth rate will determine the overall performance and capability of a 
culture for platinum recovery applications. High growth rates and cell densities (of cells 
reacting with platinum) will increase the metal recovery capacity in a biologically driven 
reactor technology. In this study, culture S105M proved to be the most promising culture 
based on the growth and platinum recovery kinetics. Cultures can be further adapted to 
specific process and waste streams characterized by different conditions to obtain an even 
more effective platinum recovery. In order to obtain similar recovery rates as current 
alternative technologies such as Smopex (Frankham and Kauppinen 2010) (complete recovery 
within 0.5 – 1 h) a biomass concentration of 7.7 g L-1 of culture S105M would be required to 
treat a 0.1 g L-1 Pt solution in batch. These batches are supplied with a 100% hydrogen gas 
headspace, as is common practice in industrial reduction reactions (to stay above the upper 
explosion limit), but at lower pressures typically encountered in industry. 
This study focused on the recovery of Pt from liquid streams and the simultaneous 
precipitation on halophilic cells. In theory, the resulting Pt loaded biomass can be separated 
from the streams with typical biomass separation technologies such as settling, centrifugation 
or filtration, but this still needs to be verified in practice. This product can be further processed 
as one of the feeds of a precious metals refinery, and needs to cope with certain requirements 
of which the Pt content will be the most important one. However, the reuse of the Pt loaded 
biomass and the maximal metal loading of the studied biomass should be further explored. 
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 CHAPTER 4 
PLATINUM RECOVERY FROM INDUSTRIAL PROCESS STREAMS  
BY HALOPHILIC BACTERIA:  
INFLUENCE OF SALT SPECIES AND PLATINUM SPECIATION 
Abstract 
The increased use and induced criticality of platinum asks for the development of effective 
low-cost strategies for metal recovery from process and waste streams. Although 
biotechnological processes can be applied for the valorization of diluted aqueous industrial 
streams, investigations considering real stream conditions (e.g., high salt levels, acidic pH, 
metal speciation) are lacking. This study investigated the recovery of platinum by a halophilic 
microbial community in the presence of increased salt concentrations (10 – 80 g L-1), different 
salt matrices (phosphate salts, sea salts and NH4Cl) and a refinery process stream. The 
halophiles were able to recover 79 – 99% of the Pt at 10 – 80 g L-1 salts and at pH 2.3. TEM 
suggested a positive correlation between intracellular Pt cluster size and elevated salt 
concentrations. Furthermore, the halophiles recovered 46 – 95% of the Pt-amine complex 
Pt[NH3]42+ from a process stream after the addition of an external Pt source (K2PtCl4, 0.1 – 1.0 
g L-1 Pt). A sustained recovery of the Pt-tetraamine complex was obtained from an industrial 
process stream by the addition of fresh biomass and harvesting of Pt saturated biomass. This 
study demonstrates how aqueous Pt streams can be transformed into Pt rich biomass, which 
would be an interesting feed of a precious metals refinery. 
Chapter redrafted after: 
Maes S., Claus M., Verbeken K., Wallaert E., De Smet R., Vanhaecke F., Boon N., and Hennebel 
T. (2016) Platinum recovery from industrial process streams by halophilic bacteria: influence 
of salt species and platinum speciation. Water Research. In press (doi: 
10.1016/j.watres.2016.09.023). 
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Graphical abstract: The halophilic biomass is able to recover platinum from aqueous process 
streams, but is challenged by the acidic and saline conditions and the Pt-speciation. 
1. Introduction 
To reduce unnecessary primary mining and to tackle the supply risk, precious metals like 
platinum need to be used more efficiently and waste streams need to be valorized through 
more effective recovery of raw materials (Diallo et al. 2015; Hennebel et al. 2015; Nansai et 
al. 2014). Among others, interesting secondary sources of platinum can be found in diluted 
liquid process and waste streams from platinum group metal (PGM) refineries (e.g., 51 – 81 
mg L-1 Pt (Mabbett et al. 2006)), industrial catalysts, and jewelry waste (Zhuang et al. 2015). 
Currently, few technologies (e.g., Smopex® (Frankham and Kauppinen 2010)) exist for the 
treatment of such diluted streams (< 100 mg L-1 Pt) (Zhuang et al. 2015), bringing impetus in 
developing more effective low-cost alternatives. Biotechnological recovery processes have 
been shown to be of interest within this context (Maes et al. 2016; Zhuang et al. 2015). 
Chapter 3 demonstrated the efficient biological platinum recovery under acidic and saline 
conditions by halophilic microbial communities (Maes et al. 2016). However, recovery was 
only tested for two synthetic platinum salts (K2Pt(II)Cl4 and K2Pt(IV)Cl6) in the presence of one 
salt matrix (24 g L-1 PBS). Since conditions of the streams (pH, ionic strength, matrix 
composition) will affect metal speciation and metal recovery, further investigations on real 
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stream conditions are essential for the development of biometallurgical recovery 
technologies. 
This study focuses on refinery process streams and on the influence of elevated salt 
concentrations, different salt species and platinum speciation on the microbial recovery of 
platinum. The speciation and activity of the metal complex, the protonation of the functional 
groups on the microbial surface and the presence of competing ions as a function of salt 
concentration and pH, will influence the metal recovery potential of a microbial culture 
(Borrok and Fein 2005; de Vargas et al. 2004; Fein et al. 2005). Pat-Espadas et al. (2013; 2014) 
showed the influence of pH and Pd concentration on the metal speciation, affecting the 
electrostatic interactions and Pd reductions. The salt matrix and metal speciation are thus 
viewed as real challenges for effective metal recovery. The removal of Pd and Pt from a 
strongly acidic and saline stream by Cupriavidus sp. was studied before (pH 1.4; 200 g L-1 salts) 
(Gauthier et al. 2010), but investigations on metal speciation and salt matrix are currently 
lacking. Moreover, so far most research has focused on the production and application of 
catalytic PGM nanoparticles (De Corte et al. 2011a; Gauthier et al. 2010; Hennebel et al. 2012), 
whereas this study focuses on platinum recovery and the production of a biomass stream 
enriched in platinum. 
In this study, the platinum(II) recovery (as K2PtCl4) by a halophilic mixed culture was 
investigated under the influence of increased salt concentrations (10 – 80 g L-1 salts) and three 
different salt matrices (phosphate buffered saline (PBS), sea salts and NH4Cl). Furthermore, 
the recovery of the Pt-amine complex Pt(NH3)42+ was studied from a real process stream. The 
study focused on the use of living biomass that can cope with the harsh conditions of the 
process streams. The Pt recovery capacity of the biomass was examined in sequential batch 
experiments, aiming at the production of Pt loaded biomass. The Pt saturated biomass can be 
further processed as one of the feeds of a precious metals refinery. 
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2. Materials and methods 
2.1 Microbial culture and growth condition 
The halophilic mixed culture was originally obtained from Artemia cyst samples (see Chapter 
3). The halophilic culture was grown aerobically in Lysogeny broth (LB-Lennox) medium with 
105 g L-1 additional sea salts (Instant Ocean®, a synthetic seawater mixture) at pH 5 (at 28°C 
for 40 h), resulting in a biomass concentration of 1.8 g L-1 DM. Instant Ocean® consists of Na+ 
(462 mmol kg-1), K+ (9.4 mmol kg-1), Mg2+ (52 mmol kg-1) and Ca2+ (9.4 mmol kg-1) as major 
cations and Cl- (521 mmol kg-1) and SO42- (23 mmol kg-1) as major anions (Atkinson and 
Bingman 1997). The culture used in this study was previously described as culture S105M (see 
Chapter 3). 
2.2 Platinum recovery by halophilic culture at increased salt 
concentrations 
The halophilic mixed culture was harvested by centrifugation at 8200 g for 7 min and was 
washed four times with the salt buffer of interest; phosphate buffered saline (PBS; 24.1 g L-1 
total salts; 6.8 g L-1 KH2PO4, 8.8 g L-1 K2HPO4 and 8.5 g L-1 NaCl), sea salts (Instant Ocean®) or 
NH4Cl. The optical density of the microbial suspensions was measured with a UV/VIS 
spectrophotometer (Isis 9000, Dr Lange, Germany). The cells were suspended in the selected 
salt buffer at salt concentrations of 10 – 80 g L-1 (OD610nm = 1.0) and added to 120 mL glass 
serum bottles (50 mL cell suspensions). All recovery experiments were carried out under 
anaerobic conditions without the addition of a carbon source. After 20 repeated cycles of N2 
purge and vacuum degasification (to make the bacterial suspension anoxic), the headspace 
was replaced with 100% H2-gas (electron donor). Platinum metal solutions were prepared 
from K2Pt(II)Cl4 (Sigma-Aldrich, USA) and applied with a final concentration of 100 mg L-1 Pt, 
with a pH of 2.3, set by the addition of HCl. During the entire experiment, the serum bottles 
were incubated at 28°C and continuously mixed at 100 rpm. Samples were taken frequently 
to be analyzed by inductively coupled plasma optical emisson spectrometry (ICP-OES), to 
determine the platinum recovery within 24 hours and in the long term (2 – 7 days). The long 
term sampling depended on the efficiency of platinum removal from the medium. The timing 
of the final sampling was thus dependent on the salt matrix; 1 day (20 – 40 g L-1 PBS, 20 – 40 
Effect of salts and Pt-speciation on Pt recovery 
93 
g L-1 sea salts, 10 - 20 g L-1 NH4Cl), 2 days (60 - 80 g L-1 PBS, 40 – 60 g L-1 NH4Cl), 5 days (80 g L-1 
NH4Cl) and 7 days (80 g L-1 sea salts). 
2.3 Recovery of Pt-tetraamine complex from process stream 
The Pt-amine complex recovery experiments were conducted similarly as described above. 
The halophilic culture was washed with 10 g L-1 NH4Cl and suspended in the process stream 
(OD610nm = 1.0). This stream was characterized by a pH of 1.65 (adjusted to pH 2.3 by the 
addition of NaOH prior to experiments), a platinum concentration of 11.1 mg L-1 as a 
platinum(II) tetraamine complex (Pt[NH3]4.2HCO3) and 13 g L-1 NH4Cl. Additional platinum was 
spiked as K2Pt(II)Cl4 until PtCl42-/Pt(NH3)42+ ratios of 0 – 9.4 were reached. Pt-amine complex 
recoveries were calculated as a function of the initial Pt-amine complex concentration. 
When platinized biomass was used, the protocol was slightly modified. To produce platinized 
biomass, the same halophilic culture was cultivated, harvested and washed four times with 20 
g L-1 PBS. Subsequently, the microbial suspension was made anoxic and was used for platinum 
recovery in the presence of 20 g L-1 PBS and by the addition of Pt(II)Cl42- (0.1 – 1.0 g L-1 Pt) and 
H2-gas (pH 2.3). After 24 h, this platinized biomass was harvested by centrifugation and 
suspended in the process stream. The headspace was replaced as well with 100% H2-gas 
(electron donor), after 20 repeated cycles of N2 purge and vacuum degasification. 
For experiments involving sequential batch treatments, platinized biomass was used to treat 
the process stream during 20 – 72 h (1 cycle), after which it was centrifuged and suspended in 
a new batch of the process stream. At the beginning of every new cycle, bottles were made 
anoxic and H2 was added as electron donor. 
2.4 Inductively coupled plasma optical emission spectrometry 
The Pt containing biomass was separated from the liquid medium by centrifugation at 9000 g 
for 7 minutes. The supernatant samples were diluted 10 times with a 1% HNO3/1% HCl 
solution and spiked with yttrium as internal standard (1 mg L-1). The resulting platinum 
concentrations were determined with a Spectro Arcos ICP-OES (Spectro Analytical 
Instruments GmbH, Kleve, Germany). Prior to analysis, the ICP-OES was optimized with a 
solution containing 2 mg L-1 Pb, As and Mn (in 2% HNO3). The ICP-OES parameters were: a 
plasma power of 1375 W (1100 – 1450 W), a pump flow rate of 30 rpm, a coolant flow of 12 L 
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min-1, an auxilliary flow of 0.9 L min-1 and a nebulizer flow of 1.2 L min-1. Platinum peaks were 
measured at 177.708, 191.170, 203.711 and 214.423 nm and yttrium at 371.030 and 377.433 
nm. Argon peaks (404.442 and 430.010 nm) were used to indicate the potential influence of 
organic matrices. The detection limit was 0.5 mg L-1 Pt. 
2.5 Transmission electron microscopy 
After the recovery experiment was finished, the bacterial suspension was washed four times 
with the selected salt buffer and the supernatant was removed. Subsequently, the bacteria 
were fixed in 0.1 M cacodylate buffer containing 4% paraformaldehyde and 5% glutaraldehyde 
during 48 h. Then, samples were washed overnight with 0.1 M sodium cacodylate buffer. 
Following postfixation in 1% osmium tetroxide for 1 h, samples were dehydrated in a series of 
alcohol and embedded in Epon medium (Aurion, Wageningen, the Netherlands). Ultrathin 
sections of 60 nm were examined without contrast by imaging with a Zeiss TEM900 
transmission electron microscope (Carl Zeiss, Oberkochen, Germany) at 50 kV. Particle size 
distributions were determined based on the electron micrographs using ImageJ freeware. All 
particles were detected on the electron micrographs by visually adjusting the threshold value 
of the binary plots. Particle diameters were subsequently determined while considering the 
particles as spheres. 
2.6 Scanning electron microscopy (SEM) 
SEM was used to study the presence and distribution of platinum on premetallized biomass. 
However, since SEM cannot allocate Pt particles to the initial Pt source (Pt-chloride or Pt-
amine complex), Pd-chloride was used as a proxy for the Pt-chloride. Halophilic biomass was 
used to reduce palladium as an alternative catalyst for platinum and was subsequently used 
to recover Pt-amine from the process stream. This enabled us to map the distribution of Pt 
(resulting from the Pt-amine complex) on the bacterial surface. The biomass was harvested by 
centrifugation at 8200 g for 7 min, washed four times with 10 g L-1 NH4Cl and suspended in 10 
g L-1 NH4Cl (OD610nm = 1.0). After 20 repeated cycles of N2 overpressure and vacuum 
underpressure, the headspace was replaced with 100% H2-gas (electron donor). Palladium 
was dosed as Na2Pd(II)Cl4 (Sigma-Aldrich, USA) to a final concentration of 100 mg L-1 Pd and 
the pH was set at 2.3 by the addition of HCl. This palladized biomass was subsequently used 
to recover the Pt-amine complex from the process stream (similar protocol as the use of 
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platinized biomass in the process stream, § 2.3). A sequential batch experiment consisting of 
7 cycles was conducted. The final biomass was centrifuged and pretreated according to 
transmission electron microscopy (TEM) analysis. The resulting thin sections were placed on 
a copper grid and used for SEM analysis. Scanning electron microscopy was combined with 
energy dispersive X-ray spectroscopy (EDX) to study the morphology, the particles distribution 
and the elemental distribution on the palladized biomass sample using a FEG SEM JSM-7600F 
instrument (Jeol, USA) at 20 kV and a probe current of 6 x 10-9 A. 
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3. Results and discussion 
3.1 Influence of salt concentration and salt speciation on microbial 
platinum recovery 
This study examined the influence of high salt concentrations (10 – 80 g L-1) and different salt 
species on the platinum recovery from industrial process streams, using a halophilic bacterial 
culture. The Pt recovery was examined in three different salt mixtures: (1) phosphate buffered 
saline (PBS), a frequently used microbial buffer which was included as reference, (2) sea salt 
mixture, representing the natural marine environment of the microorganisms and (3) NH4Cl, 
representative for many refinery process streams (Umeda et al. 2011). K2Pt(II)Cl4 was used as 
synthetic platinum chloride complex. 
Independent of the salt mixture, the culture recovered between 79 and 99% Pt within 24 h in 
the presence of 10 – 40 g L-1 salts (2.9 – 14.7 mg Ptrecovered h-1 g-1 biomass, Figure 4-1). Salt 
levels over 40 g L-1 limited the Pt recovery significantly, mostly in the presence of NaCl and 
NH4Cl (only 7 – 8% recovery within 24 h). However, when prolonging the experiments (2 – 7 
days), platinum was recovered for 80 – 96% at 60 – 80 g L-1 salts. Although the kinetics are 
slow, which would be impractical in industry, we show that platinum recovery is possible at 
elevated salt concentrations. The salt type influenced the recovery as well; recoveries of 94 – 
99% within max. 48 h were observed in the presence of phosphates, whereas recovery was 
less effective in the presence of NH4Cl and NaCl. Under chloride rich and acidic conditions, 
Pt(II) mainly forms chloro-complexes, i.e., PtCl42- and PtCl3(H2O)- (as shown by thermodynamic 
calculations in OLI; Figure Appendix 4-1) (Colombo et al. 2008; Elding 1970b; Mahlamvana 
and Kriek 2014). Minor differences in Pt-speciation were observed for the studied salt 
matrices since Pt is easily complexed by chloride ions while phosphate and sulfate complexes 
are weak (Colombo et al. 2008) (formation constant log (PtCl42-) = 13.8; Figure Appendix 4-
1) (Elding 1970a). 
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Figure 4-1: Platinum recovery efficiencies (%) for PtCl42- as a function of salt concentration 
(10 – 80 g L-1) after 24 hours and in the long term (2 – 7 days). The recovery was investigated 
for three different salt matrices: phosphate buffered saline (PBS), sea salts and NH4Cl. 
Hydrogen gas was used as the electron donor. (* : this condition was not investigated) 
The reason for decreased Pt recovery kinetics at higher salt concentrations is a combination 
of platinum thermodynamics and the effects of salts on the microbial population. Increasing 
the salt concentration decreased the equilibrium potential, resulting in reduced capability of 
the bacteria to reduce the PtCl42- complex (estimated equilibrium potential Eeq = +0.711 V and 
Eeq = +0.640 V vs. SHE for resp. 20 g L-1 NH4Cl and 80 g L-1 NH4Cl; E0(PtCl42-) = +0.758 V vs. SHE 
(Bard and Faulkner 2001; Ibanez et al. 1988)). 
The biorecovery process in this study is presumably initiated by sorption, as the first step in 
the bacterial interaction, followed by bioreduction and influenced by salt species (De Corte et 
al. 2011c; Rotaru et al. 2012; Varia et al. 2016). Different mechanisms can be suggested to 
explain the effect of salts on Pt recovery. On the one hand, due to the electrostatic attraction 
between anions and protonated surface groups at low pH, e.g., amine groups (Tanaka and 
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Watanabe 2015), anionic platinum complexes (PtCl42-) might compete with anions, such as 
chlorides, for these adsorption sites (de Vargas et al. 2004). Hence, the addition of anions 
negatively affects the sorption of platinum, which supports the slower and less efficient 
recovery of platinum as a function of the ionic strength in this study. On the other hand, salts 
such as chloride anions might have shielded the positively charged bacterial surface from the 
negatively charged Pt-chloride complexes, hampering the effective recovery of Pt (Panigrahi 
2016). The higher the salt concentration, the smaller the double layer at the bacterial surface. 
Further research on (i) the bacterial surface charge (e.g. through zeta potential 
measurements), (ii) the Pt-speciation and (iii) the kinetics of reduction (e.g. Pourbaix 
diagrams) under different salt conditions is needed to gain more insight into the ongoing 
interactions and mechanisms. Based on Donnan dialysis mechanisms, it should also be 
investigated if sorbed Pt-complexes can be exchanged again for chloride anions across the 
cellular membrane before reduction takes place (driven by electrochemical potential 
difference) (Tanaka 2015). Increased salt levels also influenced the microbial enzymes, 
responsible for the biological Pt reduction. The studied mixed halophilic culture is mainly 
characterized by Halomonas sp. (Maes et al. 2016) (see Chapter 3), which are known to 
accumulate organic solutes to balance the osmotic pressure and maintain low intracellular 
salt concentrations that do not require special adaptation of the enzymes (Ventosa et al. 
1998). Elevated salt concentrations presumably affect specific non-adapted enzymes, e.g., 
responsible for metal reduction. 
3.2 Characterization of Pt precipitates formed at extreme salt matrices 
TEM provides insight into the morphology and spatial distribution of the Pt precipitates 
(Figure 4-2). Small sized particles on the cell wall and inside the cells were observed at  
20 g L-1 salts (median diameters: 9.4 – 18.0 nm) (Figure 4-3 and Figure 4-4) Increased salt 
concentrations clearly affected the precipitation mechanism; at 40 – 80 g L-1 salts mainly 
intracellular and larger Pt clusters were formed and more than 84% of the total particle 
surface area was allocated to Pt particles larger than 100 nm (compared to ≤ 33% at 20 g L-1 
salts and except for 80 g L-1 sea salts: 46% > 100 nm) (Figure 4-3). The increased ionic strength 
and acidic pH altered the cellular membrane permeability, which induced the diffusion of ions 
inside the cells (Ventosa et al. 1998) and thus resulted in a strong uptake of Pt ions inside the 
cells and a consequential intracellular build-up of Pt precipitates. Different salt compositions 
Effect of salts and Pt-speciation on Pt recovery 
99 
seemed to influence the precipitation mechanism as well: the PBS buffer induced mainly the 
precipitation of particles on the cell wall and in the periplasmic space (18.0 nm median 
diameter; 20 g L-1 salts), while more intracellular and smaller particles were observed in the 
sea salts mixture (9.4 nm median diameter, compared to 13.7 nm with NH4Cl; 20 g L-1 salts) 
(Figure 4-2 and Figure 4-4). Additional controls can be suggested such as the investigation of 
heated or sonicated platinized biomass samples under different salt concentrations to gain 
more insight into the influence of damaged membranes and sample preparation on the Pt 
distribution. 
 
Figure 4-2: Transmission electron microscopy (TEM) images of thin sections of halophilic 
biomass after the recovery of PtCl42- in the presence of H2-gas. Three different salt matrices 
were investigated - phosphate buffered saline (PBS), sea salts and NH4Cl – at 20, 40 and 80 g 
L-1 salts. 
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Figure 4-3: Particle size distributions of the precipitated platinum at increasing salt 
concentrations, expressed as the percentage of total surface area. Platinum recovery (PtCl42-) 
was investigated in the presence of three different salt matrices - phosphate buffered saline 
(PBS), sea salts and NH4Cl – at 20, 40 and 80 g L-1 salts. 
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Figure 4-4: Particle size distributions (nm) of platinum precipitates in the presence of 
different salt matrices; phosphate buffered saline (PBS), sea salts and NH4Cl. The total salt 
concentration was 20 g L-1. Distributions are visualized by box plots, including median (full line) 
and mean (dotted line) diameter and 5% and 95% percentiles (). 
3.3 Recovery of Pt-tetraamine complex from process stream 
Process and waste streams typically contain PGMs complexed with inorganic or organic 
ligands (Zhuang et al. 2015). In this study, the use of our halophilic culture was evaluated using 
a real process refinery stream containing a Pt-amine complex. This stream was characterized 
by a pH of 1.65, a platinum concentration of 11.1 mg L-1 as a platinum(II) tetraamine complex 
and 13 g L-1 NH4Cl. There was no sorption or reduction of the Pt-amine complex from this 
process stream by the halophilic culture, which is in accordance with our observations for 
synthetic matrices with axenic cultures, although bioreduction of platinum (PtCl42-) was 
previously shown at similar pHs (see Chapter 2 and 3). The theoretical standard reduction 
potential of Pt(NH3)42+ amounts to +1.4 V (vs. SHE), which means it is a more favorable electron 
acceptor compared to PtCl42- (+0.758 V vs. SHE) for the bacteria on a thermodynamical point 
of view (Bard and Faulkner 2001; Furukawa et al. 2013). Sorption to the microbial surface 
might be hampered by the formation of the neutral complex Pt(NH3)4Cl2 and by charge 
shielding of the bacterial surface under chloride rich conditions of the saline stream. The Pt-
speciation and interaction with the biomass is strongly influenced by both the pH and chloride 
concentration. 
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In order to understand the matrix effects on the Pt reduction and to initiate the Pt-amine 
recovery, K2Pt(II)Cl4 was added to the process stream (Figure 4-5, A). It was found that not 
only the K2Pt(II)Cl4 but also the Pt-amine complex was removed from solution. However, a 
threshold PtCl42-/Pt(NH3)42+ ratio was required to enable the Pt-amine complex recovery 
(Figure 4-6). When the PtCl42-/Pt(NH3)42+ ratio was below 2, up to 40% of the total Pt mass 
(PtCl42- + Pt(NH3)42+) was recovered. At increased Pt(II)Cl42- concentrations, the Pt-amine 
complex recovery amounted to 43 – 69% at PtCl42-/Pt(NH3)42+ ratios between 2.1 and 9.4 
(Figure 4-6). Complete recovery of PtCl42- was only possible at higher PtCl42-/Pt(NH3)42+ ratios 
(ratio > 2). This suggests that a minimal amount of Pt(0) needs to be formed to start reducing 
the complex and that part of the PtCl42- forms a complex, presumably with nitrogenous species 
present in the process stream, which cannot be reduced by the bacteria. It needs to be noted 
that PtCl42- and Pt(NH3)42+ can also precipitate as the Magnus’ green salt [Pt(NH3)4][PtCl4] 
(Cotton 1997). These observations demonstrate the importance of metal speciation and 
availability in metal recovery processes. The recovery of the Pt-amine complex is suggested to 
consist of 2 steps; (1) the biological reduction of PtCl42- by the halophilic community, resulting 
in Pt particles on the biomass, followed by (2) the catalytic reduction of the Pt-amine complex 
by biogenic Pt(0) precipitates. 
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Figure 4-5: Scheme illustrating the different applied Pt recovery strategies: (A) the addition 
of PtCl42- to the process stream in the presence of halophiles (strategy 1), (B) the production of 
platinized biomass by the use of halophiles and PtCl42- (strategy 2, step 1, outside the process 
stream), which is followed by the use of the platinized biomass in the process stream (strategy 
2, step 2) and (C) the exchange of platinized biomass for fresh biomass in the process stream. 
Hydrogen gas was supplied as electron donor. 
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Figure 4-6: The recovery of total platinum (the sum of PtCl42- and Pt(NH3)42+) and the Pt-
amine complex Pt(NH3)42+ (%) as a function of the PtCl42-/Pt(NH3)42+ ratio from the process 
stream. K2Pt(II)Cl4 was spiked to the process stream to initiate the recovery of the Pt-amine 
complex. Minimal Pt-amine recoveries are presented on the graph (in case PtCl42- was first 
completely recovered). Pt-amine complex recoveries were calculated as a function of the initial 
Pt-amine complex concentration. Hydrogen gas was used as the electron donor. 
3.4 Pt-tetraamine complex recovery with platinized biomass 
The observation that Pt-tetraamine was recovered after formation of Pt(0) by bacteria using 
PtCl42- (hereafter referred to as platinized biomass or bio-Pt), resulted in the development of 
an alternative recovery strategy. Platinized biomass was produced separately from the stream 
and used as biogenic catalyst to recover the Pt-amine complex (Figure 4-5, B). The addition of 
0.1 g L-1 Pt as platinized biomass induced the recovery of 54% of the Pt-amine complex (Figure 
4-7). To increase the recovery performance, increased platinized biomass concentrations 
(fixed Pt/biomass ratio = 0.09 g Pt g-1 biomass), containing thus higher Pt and biomass 
concentrations (0.1 – 1.0 g L-1 Pt; 1.1 – 11 g L-1 biomass), were tested. Higher platinized 
biomass concentrations clearly resulted in enhanced Pt-amine complex recovery, up to 95% 
(i.e., detection limit of ICP-OES analysis, Figure 4-7). Within the first 24 hours, efficiencies of 
54, 77, 95 and 95% were reached at increasing platinized biomass concentrations of 0.1, 0.2, 
0.5, and 1.0 g L-1 Pt, respectively. 
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Figure 4-7: The recovery of the Pt-amine complex (%) as a function of time by platinized 
biomass in the presence of H2-gas. Four different platinized biomass concentrations were 
investigated; 0.1, 0.2, 0.5, and 1.0 g L-1 Pt. The recovery was investigated during 8 cycles (20 – 
72 h/cycle) in a sequential batch experiment, except for 0.1 g L-1 Pt (only during first cycle). 
Since these results clearly demonstrated the high recovery potential of platinized biomass, 
sequential treatment of the process stream was tested in the next step (with 0.2 – 1.0 g L-1 
Pt). Therefore, the platinized biomass was separated from the process stream by 
centrifugation and resuspended in a next batch of untreated process stream. This cycle was 
executed 8 times. H2 was added as electron donor at the start of every cycle. The recovery 
was maintained during the sequential batch treatments. However, recovery efficiencies 
decreased over time and the higher the platinized biomass concentration, the faster the 
recovery efficiency decreased. During the last cycle, the 1.0 g L-1 bio-Pt suspension recovered 
61% Pt-amine complex within 24 h, indicating a decrease in efficiency of 34% compared to the 
first treatment cycle, while the 0.2 g L-1 Pt suspension still reached 47% recovery, implying a 
decrease of 30% (Figure 4-7). The decrease in recovery can be attributed to aggregation; which 
was visible in the case of highly concentrated platinized biomass suspensions. Aggregation 
leads to a smaller total particle surface area that can serve as a catalyst or that is available for 
Pt recovery. Previous studies applied a similar approach in which palladized cells (from 
Cupriavidus sp., Desulfovibrio desulfuricans and Escherichia coli) were applied for the recovery 
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of Pd and Pt from industrial waste streams to deal with the extreme pH and salt levels of the 
streams (Gauthier et al. 2010; Mabbett et al. 2006). To the contrary, we used a mixed culture 
that can cope with such conditions, but platinized the biomass for the purpose of the Pt-amine 
recovery. The application of increased platinized biomass concentrations enabled the 
complete recovery of the Pt-amine complex. Recovery of the Pt-amine complex was 
presumably not driven by a biological process but by the chemical catalytical activity of the Pt 
(nano)particles of the platinized biomass. The platinum particles might have reduced the 
complex either directly via an autocatalytic process on their particle surface (with H2) 
(Henglein and Giersig 2000) or indirectly, via the use of an electron shuttle (Watanabe et al. 
2009). Electron shuttles are organic or inorganic molecules that can serve as electron carriers 
and can thus assist in redox reactions (Watanabe et al. 2009). Microbial products, secreted by 
the microorganisms, can act as electron-shuttling compounds. The electron shuttles will be 
reduced on the Pt particles by H2, enabling reduction of sorbed Pt-amine complex by the redox 
mediator on the platinized biomass. 
Based on the Ptrecovered/Ptsupplied efficiency ratios of the three platinized biomass 
concentrations after 8 batches of process stream (Figure 4-7; 0.21, 0.10 and 0.06 g Ptrec g-1 
Ptsupplied for the 0.2, 0.5 and 1.0 g L-1 Pt suspension, resp.), the 0.2 g L-1 platinized biomass 
suspension was selected for a longer repetition experiment (Figure 4-8). During the sequential 
treatment of 12 batches of the process stream, efficiencies varied but increased over time; 51 
- 76% of the Pt-amine complex was recovered each time within 24 hours. The recycled 
platinized biomass recovered even up to 95% within 72 hours at the end of the experiment. 
In total, 0.095 g L-1 Pt-amine complex was recovered by the platinized biomass, resulting in 
biomass consisting of 0.132 g Pt g-1 biomass after 12 cycles. TEM, performed at the end of the 
recovery cycles, revealed the heterogeneous composition of the platinized biomass sample 
(Figure 4-9). Platinum particles were detected mainly on the cell wall of most cells (Figure 4-
9, A). Some cells of the platinized biomass were however clustered together by the enhanced 
precipitation of platinum, creating cellular agglomerates covered by larger Pt precipitates 
(Figure 4-9, B). 
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Figure 4-8: The recovery of the Pt-amine complex Pt(NH3)42+ (%) from the process stream 
during a sequential batch experiment of 12 cycles. Hydrogen gas was dosed as the electron 
donor. Platinized biomass was used at an initial platinum concentration of 0.2 g L-1 Pt. 
 
 
Figure 4-9: Transmission electron microscopy (TEM) images of thin sections of platinized 
biomass after the sequential treatment of 12 batches of process stream, in the presence of 
H2-gas. The Pt-amine complex was recovered and precipitated on the cell wall (A) and clustered 
together into larger platinum precipitates (B). 
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3.5 Sustained recovery of Pt-tetraamine complex by the addition of fresh 
biomass 
Platinized biomass was proven to be a potential catalyst for the recovery of platinum from 
process streams at mild pressure and temperature. In reactor applications, one wants to 
continuously ‘harvest’ a part of the biomass once the Pt content is high enough. On the other 
side, sustained supply of fresh biomass is essential to maintain the catalytic activity. Therefore, 
the replacement of Pt saturated cells by fresh biomass was examined. Herefore, the recovery 
of Pt-tetraamine by mixtures of varying ratios (25 – 100%) of bio-Pt (0.1 g L-1 Pt) over fresh 
biomass was studied (Figure 4-10 and Figure 4-5, C). At ratios of 25 – 50% fresh 
biomass/platinized biomass, Pt-tetraamine was recovered efficiently from solution and only a 
minor loss in efficiency (3.6 – 9.1%) was observed compared to the 100% platinized biomass 
suspension. Lowering the platinized biomass content to only 25% still induced a Pt-amine 
complex recovery of 48.3% (- 11.3%). In comparison, a 25% platinized biomass suspension 
without fresh biomass (diluted with water) recovered 36.1% Pt-amine complex within 24 h, 
indicating the additional recovery (+ 12.2%) by the presence of fresh biomass. This shows that 
fresh biomass contributes to the recovery. Bacterial cells can be considered as capturing 
agents on which Pt-amine complex molecules can be sorbed to the microbial surface and 
platinum particles or electron-shuttling compounds can catalyze the reduction and local 
precipitation of the Pt-amine complex, resulting in larger Pt particles or the formation of new 
nuclei (Henglein and Giersig 2000) (Figure 4-11). 
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Figure 4-10: The recovery of the Pt-amine complex (%) by mixed platinized biomass 
suspensions in the presence of H2-gas. Platinized biomass (0.1 g L-1 Pt) was mixed with fresh 
halophilic biomass for 0 – 75% and was diluted with water as a control. The platinized biomass 
suspensions were applied for the treatment of the process stream during two sequential 
batches (reported recoveries are mean values). 
 
Figure 4-11: Schematic overview of the platinum recovery concept. Mixtures of platinized and 
fresh biomass will recover the Pt-amine complex from the process stream in the presence of 
hydrogen gas. The reduced platinum will precipitate on the microbial surface, resulting in 
larger Pt particles or in the formation of new nuclei. The Pt loaded biomass will be harvested 
when saturated. 
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To support this statement, SEM was used to study the presence and distribution of platinum 
on palladized biomass samples (Figure 4-12). Since SEM cannot allocate Pt particles to the 
initial Pt source (K2PtCl4 or Pt-amine complex), palladium particles were used as a proxy for 
the platinum particles on the bacterial surface. This palladized biomass was applied for the 
recovery of the Pt-amine complex from the process stream. Combined with SEM, energy 
dispersive X-ray (EDX) elemental line scans demonstrated the presence of Pt particles (Figure 
4-12 and Figure 4-13), produced from the recovery of the Pt-amine complex, in zones where 
only trace amounts of palladium were present. Except for zone 0.2 - 0.3 µm of line A that 
contains intracellular palladium precipitates, Pd levels of lines A and B can mainly be classified 
as background.Pd was observed to be unevenly distributed across the cells of the microbial 
mixed culture. This observation demonstrates the precipitation of the Pt-amine complex and 
it confirms the hypothesis that fresh biomass contributes to the catalytic activity of a 
platinized biomass suspension (Figure 4-11). 
 
Figure 4-12: Scanning electron microscopy (SEM) image of a thin section of palladized 
halophilic biomass that was used for the recovery of the Pt-amine complex from the process 
stream during 7 sequential batch cycles and the resulting platinum distribution map. EDX 
elemental line scans A and B indicate the distribution of platinum and palladium across the 
palladized halophilic cells. 
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Figure 4-13: Combined with scanning electron microscopy (SEM), integral line scan EDX 
spectra were taken of line A and B (Figure 4-12) across palladized halophilic cells. The tables 
indicate the most abundant elements in the line scans and their weight fractions. The samples 
were scanned on a copper grid. 
3.6 Implications for biometallurgical technology development 
This study demonstrated the effective recovery of complexed platinum at industrially relevant 
conditions. However, several aspects need to be considered before further technology 
development. 
Firstly, the production and sustained supply of a biogenic catalyst to initiate the Pt reduction 
needs to be guaranteed. The production of platinized biomass at the start-up phase will 
require an external platinum source, such as a PtCl42- containing waste or process stream 
(Mabbett et al. 2006). Depending on the refining requirements for metal containing biomass, 
palladium might be used as well for the production of catalytic particles. Additionally, to 
provide new biological support for Pt precipitation, fresh halophilic biomass needs to be 
cultivated. As the acidic pH of our process stream impeded fast microbial growth, external 
cultivation of the biomass can be preferred (data not shown). In practice, alternative carbon 
sources such as molasses or glycerol could be used for cultivation of the biomass to lower the 
operational cost. 
Secondly, refining requirements of the Pt loaded biomass need to be considered. The goal is 
to increase the Pt content of the biomass to a level which meets refinery postprocessing 
requirements. After sufficient recirculation of the process stream, the platinized biomass 
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could be harvested, dewatered and processed to recover platinum. For example, the biomass 
harvested after 12 sequential batch treatments consisted of 132 g Pt kg-1 biomass and still 
recovered 95% of the Pt-amine complex (Figure 4-8). In comparison, other streams that are 
used as feeds in PGM refineries include high-grade concentrates from primary mining (0.2 – 2 
g kg-1 PGM (Mpinga et al. 2015)), spent automotive catalysts (1 – 5 g kg-1 precious metals (PM)) 
and catalysts applied in fine chemicals (5 – 100 g kg-1 PM) or oil-refining (0.2 – 10 g kg-1 PM) 
processes (Hagelüken 2006). The enriched biomass can be incinerated in a furnace of the 
refinery process to remove the organic material, followed by the selective leaching of the 
PGMs from the residual ashes. In general, we envision that our technology could provide a 
source, rich enough in Pt, to serve as a feed for a precious metals refinery. 
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 CHAPTER 5 
CONCOMITANT LEACHING AND ELECTROCHEMICAL 
EXTRACTION OF RARE EARTH ELEMENTS FROM MONAZITE 
Abstract 
Rare earth elements (REEs) have become increasingly important in modern day technologies. 
Unfortunately, their recycling is currently very limited and their conventional extraction 
mostly energy and chemical intensive. New sustainable technologies are needed to extract 
REEs from both primary and secondary resources. This research investigated a 2-stage 
recovery strategy, combining microbially based leaching (using citric acid and spent fungal 
supernatant) with electrochemical extraction, focusing on the recovery of neodymium (Nd) 
and lanthanum (La) from monazite. Pretreating the monazite (via roasting) dramatically 
increased the microbial leaching efficiency. Batch experiments demonstrated the effective 
and continued leaching of REEs by recycled citric acid; up to 392 mg L-1 Nd and 281 mg L-1 La 
were leached during seven consecutive 24 h-cycles. Neodymium was further extracted in the 
catholyte of a 3-compartment electrochemical system; up to 880 mg L-1 Nd was reached within 
4 days (at 40 A m-2). Meanwhile, the radioactive element thorium and counterions phosphate 
and citrate were separated effectively from the REEs in the anolyte, favoring REEs extraction 
and enabling sustainable reuse of the leaching agent. This study shows a promising technology 
that is suitable for primary ores and which can be further optimized for secondary resources. 
 
Chapter redrafted after: 
Maes S., Zhuang W., Rabaey K., Hennebel T., and Alvarez-Cohen L. Concomitant leaching and 
electrochemical extraction of rare earth elements from monazite. Submitted to Environmental 
Science & Technology. 
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Graphical abstract: Rare earth elements were leached from monazite in the extraction tank, 
and subsequently separated from citrate, phosphate and Th in the electrochemical system. 
1. Introduction 
The promoted transition to a low-carbon economy results in the growing demand of rare earth 
elements (REEs, including neodymium and lanthanum) since these are vital to many green 
technology products such as wind turbines and (hybrid) electric vehicles (Nansai et al. 2015; 
Rademaker et al. 2013; Zhuang et al. 2015). REEs are mainly mined as byproducts and, 
together with China’s dominance on the REE production market (currently producing 85% of 
the global supply and recently setting export restrictions (USGS 2016c)), this has led to a 
supply risk in the U.S. and EU (Alonso et al. 2012; Binnemans et al. 2013b; EC 2014; Graedel 
et al. 2015; Nansai et al. 2014; Nassar et al. 2015; USDOE 2011). While the low value of REEs 
(e.g., 37 – 42 $ kg-1 for Nd2O3) (USGS 2016c) makes end-of-life recycling financially challenging 
(< 1% for Nd) (Graedel et al. 2011), it could reduce the sensitive dependence on virgin 
materials, especially for resource-limited countries (Alonso et al. 2012; Nansai et al. 2015; 
Rademaker et al. 2013). Furthermore, conventional techniques to extract REEs from the main 
ores monazite and bastnasite are typically energy (> 140°C) and chemical intensive (e.g., 
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concentrated sulfuric acid or sodium hydroxide), producing toxic waste streams which 
possibly contain radionuclides such as thorium and uranium (Brisson et al. 2016; Nassar et al. 
2015). New green technologies should be investigated to extract and recover REEs from both 
primary ores and secondary resources, such as preconsumer and end-of-life residues 
(Binnemans et al. 2015; Binnemans et al. 2013b; Zhuang et al. 2015). 
Biometallurgical technologies can potentially serve as more environmentally friendly 
alternatives for the extraction, processing and recycling of metals (Hennebel et al. 2015; 
Zhuang et al. 2015). Microorganisms (fungi, yeasts and bacteria) can enable heterotrophic 
bioleaching; i.e., the leaching of metals from solid waste streams by the production of organic 
acids (e.g., citric, oxalic or gluconic acid) (Gadd 1999; Hennebel et al. 2015; Krebs et al. 1997). 
Citric acid is of special interest, as it forms stable complexes with trivalent REEs (e.g., stability 
or binding constant log  = 7.7 for Ndcitrate (Goyne et al. 2010)). REE recovery was recently 
investigated via diverse pathways: bioleaching from red mud using Penicillium sp. (Qu and Lian 
2013) or from monazite using phosphate solubilizing bacteria or fungi (Brisson et al. 2016; 
Hassanien et al. 2014; Shin et al. 2015), and chemical leaching from monazite by organic acids 
(Goyne et al. 2010). 
In a next step, metal ions could be removed and recovered from liquid waste streams with 
minimal chemical usage in electrochemical (EC) and bioelectrochemical systems (e.g., Cu, Cd, 
Pb, and Zn (Hennebel et al. 2015; Modin et al. 2012)) by means of electrodeposition, if readily 
reducible, or further concentration in smaller volumes (Fu and Wang 2011; Lister et al. 2014; 
Nancharaiah et al. 2015). However, electrodeposition of REEs is not possible from aqueous 
solutions (e.g., E0(Nd3+) = -2.3 V vs. SHE) (Lister et al. 2014), but electrochemical processes can 
be used to extract and enrich elements to concentrations sufficiently high for conventional 
use or postprocessing. By applying a voltage across the cell, an EC generates protons in the 
anode (oxidation of water: 2H2O  4H+ + O2 + 4e-) and hydroxide ions in the cathode 
(reduction of water: 2H2O + 2e-  H2 + 2OH-) and electrons flow from anode to cathode. This 
electrical current induces electromigration of anions or cations to the corresponding electrode 
to balance the electron flux. The electrochemical processing of a few REEs was recently 
demonstrated from mobile electronics scrap (Lister et al. 2014). Electrodialysis, based on 
electromigration across (pairs of) different membranes, has been used extensively for 
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desalination and has been studied for heavy metal removal from wastewater (Bagotsky 2005; 
Ebbers et al. 2015). 
This study aimed at the development and investigation of a potentially environmentally 
friendly REE extraction and recovery approach based on bioleaching with microbially based 
organic acids such as citric acid and spent fungal supernatant, subsequently followed by 
membrane electrolysis. The two-stage recovery strategy was tested on monazite (REE-
phosphate ore; (Ce, La, Nd, Th)PO4) and synthetic neodymium solid sources (NdCl3, NdPO4 and 
Nd2(CO3)3) and aimed at the recovery of neodymium, as a proxy for the light REEs (lanthanum, 
cerium, praseodymium and neodymium), into more concentrated liquid streams. 
2. Materials and methods 
2.1 Pretreatment of monazite 
Optimization of pretreatment conditions was not within the main scope of this study. Based 
on literature,we did small tests to determine parameters that were used to decompose the 
monazite sand as illustrated below (Merritt 1990a; Merritt 1990b; Shuchen et al. 2007). In 
general, the monazite sand was first ground to 200 mesh (< 75 m), then thoroughly mixed 
with equal weight of ACS grade Na2CO3 and NaCl (Sigma-Aldrich, MO) in a stainless steel 
crucible. The mixture with monazite, Na2CO3 and NaCl (1:1:1 w/w) was then transferred to a 
box-type resistance furnace (Fisher Scientific, Pittsburgh, PA) to carry out static roasting at 
800C for 5 hours. After the calcined mixture cooled down to room temperature, it was 
crashed and re-ground to 200 mesh if necessary. Concentrations of REEs and radioactive 
elements in the mixture were determined on an Agilent Technologies 7700 series ICP-MS. 
Total REE content of untreated and roasted monazite samples was respectively 5.82 and 1.58 
mmol REEs g-1 monazite (after total acid destruction). 
2.2 Growth of fungi 
The fungal strain WE3-F (identified as Paeciliomyces spp. strain (Brisson et al. 2016)) was 
grown in 1 L Scott bottles filled with 100 mL modified ammonium salts growth medium (AMS) 
and closed with foam stoppers. AMS medium contained 1 g L-1 MgSO4.7H2O, 0.2 g L-1 KCl, 0.66 
g L-1 (NH4)2SO4, and 1 mL L-1 of each trace elements stock and stock A. The trace elements 
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stock consisted of 0.5 g L-1 FeSO4.7H2O, 0.4 g L-1 ZnSO4.7H2O, 0.02 g L-1 MnSO4.H2O, 0.015 g L-1 
H3BO3, 0.01 g L-1 NiCl2.6H2O, 0.25 g L-1 EDTA, 0.05 g L-1 CoCl2.6H2O, and 0.005 g L-1 CuCl2.2H2O. 
Stock A contained 5 g L-1 FeNaEDTA and 2 g L-1 NaMoO4.2H2O. Glucose (10 g L-1) was used as 
the carbon and energy source and FePO4.4H2O (0.2 g L-1) as phosphorus source and were both 
added to the medium prior to sterilization. Conidia were collected from cultures maintained 
on potato dextrose agar by suspending these asexual spores in sterile deionized water, and 
were further used to inoculate (1% inoculation) the Scott bottles. The bottles were incubated 
at room temperature (21°C) and stirred at approximately 250 rpm for 6 days. The supernatant 
was subsequently harvested from the fungal biomass by centrifugation (10000 g for 15 min) 
and sterile filtration (0.2 µm). 
2.3 Batch leaching experiments 
Leaching experiments were performed in 50 mL tubes (flat bottomed, polypropylene), 
containing 0.1 g of the monazite sample (untreated or roasted monazite) and 20 mL of the 
leaching solution. Both citric acid (0.05 – 1 M, prepared with deionized water) and spent fungal 
supernatant (harvested after 6 days of growth) were investigated as leaching solutions. The 
spent fungal supernatant was always acidified with 0.5 M citric acid. Test tubes were 
incubated at room temperature (23  2°C) and stirred at 250 rpm for 32 hours (using a 
magnetic stirrer). Sequential batch treatments were conducted as well (24 h/cycle), in which 
either the supernatant or the monazite was recovered, while replenishing with new monazite 
or lixiviant, respectively. 
2.4 Electrochemical reactor experiments 
Experiments were carried out in a three-compartment electrochemical cell (3 chambers, each 
with internal dimension of 8 x 8 x 2 cm3 and effective volume of 128 mL, Figure 5-7). The mid 
compartment of the electrochemical cell was separated from the anode and cathode with an 
anion exchange membrane (AEM; AM-7001 Anion Exchange Membranes, Membranes 
International Inc., NJ, USA) and a cation exchange membrane (CEM; CEM Type II, Fujifilm 
Membrane Technology, The Netherlands), respectively. A stainless steel wire mesh was used 
as the cathode (Solana, Belgium) and an Ir oxide-coated titanium electrode as the anode 
(Magneto Special Anodes BV, The Netherlands). The anode and cathode had a projected 
electrode surface area of 64 cm2 each. All electrochemical experiments were performed at 
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fixed current (mostly 40 A m-2, unless otherwise stated), controlled by a VSP multipotentiostat 
(Bio-Logic, France). An Ag/AgCl saturated KCl reference electrode was placed in the cathode 
compartment (distance to cathode: 0.5 cm). Reactor experiments were performed at room 
temperature (23  2°C). All three compartments were operated in batch mode with a 
recirculation rate of 24 mL min-1. 
The anolyte and catholyte consisted of a 10 mM Na2SO4 solution (volume of 400 mL each). A 
2 L Scott bottle was used as extraction tank, containing the desired REE solid and 0.5 M citric 
acid solution (4.7 g monazite L-1 leachate, volume: 750 mL) and was stirred continuously at 
room temperature. The leachate from the extraction tank was continuously filtered prior to 
reactor circulation (seaweed membrane), to prevent the presence of microbial biomass and 
solid monazite particles in the EC system. 
Settings and design of the electrochemical system were slightly modified for the last two 
experiments. A smaller cathode (8 x 8 x 0.6 cm3) and catholyte volume (70 mL) were used to 
increase the ‘extraction tank to catholyte’ volume ratio. The reference electrode was placed 
in the anode compartment instead of the cathode compartment due to this modified cell 
design (small cathode). The extraction tank consisted of a different Nd solution (as monazite 
was no longer available for scientific research); Nd2(CO3)3 as the Nd source (159 mg L-1 Nd), 73 
mg L-1 PO43- as Na2HPO4 and 0.5 M citric acid (total volume: 1 L; pH 2.5 – 2.9). 
2.5 Analytical Methods 
REE, Th and P concentrations were measured using an ICP-MS method. Samples from batch 
and reactor experiments were collected, filtered through a 0.2 µm filter, and diluted 10 - 1000 
fold in deionized water acidified with 1.5% nitric acid and 0.5% hydrochloric acid.  Samples 
were analyzed on an Agilent Technologies 7700 series ICP-MS (Agilent Technologies, CA, USA). 
New calibration standards (0.1 - 100 g L-1 REEs; Agilent 8500-6944) were prepared before 
each sample run. Both a blank and quality control sample (10 g L-1 REEs) were measured 
every 10 samples to check the ICP’s accuracy. The ICP-MS parameters were: a RF power of 
1550 W, RF matching of 1.8 V, a nebulizer pump flow rate of 6 rpm, a carrier gas flow of 0.56 
L min-1 and a dilution gas flow of 0.45 L min-1. Citric acid was quantified using HPLC with a 
BioRad Aminex HPX-87H carbohydrate/organic acids analysis column with 5 mM H2SO4 as the 
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mobile phase at a flow rate of 0.6 mL min-1 on a Waters 2695 HPLC system. Citric acid was 
detected using a Waters 2996 UV absorption detector to monitor absorption at 210 nm. A 
calibration curve was prepared using citric acid standard solutions for the concentration range 
of 0.5 mM to 20 mM. 
2.6 Calculations 
The neodymium flux (JNd, mol Nd m-2 d-1) was calculated as: 
Nd
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where CNd,t and CNd,t-t (g Nd L-1) are the concentrations of Nd in the catholyte at timepoint t 
and t-t, respectively. V (L) is the volume of the catholyte and A (m2) is the membrane surface 
area. t (d) is the time difference between two sampling points and MNd is the molecular 
weight of neodymium (144 g mol-1). 
The neodymium flux can be calculated as a current density (INd, A m-2) by: 
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where z (-) is the charge of neodymium and F is the Faraday constant (96485 A s mol-1). 
The coulombic efficiency (CE, %) was calculated as: 
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3. Results and discussion 
3.1 Leaching of rare earth elements from monazite 
Monazite was selected as a model source of REEs to investigate the leaching of light rare earth 
elements from solid streams. The mineral ore consists predominantly of REE-phosphates, 
which have very low solubility (about 10-13 M in water) (Firsching and Brune 1991). Two 
different monazite samples were selected for this study to determine the most effective REE 
recovery strategy; untreated and roasted monazite (i.e., reacted at high temperature with 
Na2CO3 and NaCl). The microbial leaching performance was studied using the combination of 
spent fungal supernatant and citric acid, and compared to citric acid as benchmark of an 
organic lixiviant, typically produced by fungi (Gadd 1999). 
The first leaching experiments studied both the effect of the citric acid concentration and the 
roasting of the monazite (Figure 5-1 and Figure 5-2). A series of citric acid concentrations (0.05 
– 1 M) was screened for the extraction of rare earth elements from roasted monazite (Figure 
5-1). Leaching was fast and most efficient with 0.5 M citric acid; up to 94 mg L-1 Nd was 
extracted within 32 h, whereof > 80% within the first 3 hours. This concentration was selected 
for subsequent leaching experiments. 
 
Figure 5-1: Neodymium leaching (mg L-1) from roasted monazite by different concentrations 
of citric acid (0.05 – 1 M) as a function of time. In comparison with the total Nd content of 
roasted monazite (5.24 mg Nd after destruction), 12% (0.05 M) to 36% (0.5 M) Nd was leached 
within 32 h. Nd re-precipitation was observed at low citric acid levels (0.05 - 0.1 M). 
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When using 0.5 M citric acid, an improved leaching of neodymium and lanthanum was 
observed from the roasted monazite (106 mg L-1 Nd and 156 mg L-1 La within 32 hours) 
compared to untreated ore (2.5 mg L-1 Nd and 1.4 mg L-1 La) (Figure 5-2). In contrast, lower 
cerium levels (1.1 vs. 3.0 mg L-1) and similar thorium amounts (0.8 – 0.9 mg L-1) were leached 
from roasted monazite, compared to untreated monazite. These concentrations of leached 
REEs are similar compared to previous research by Goyne et al. (2010), but obtained over a 
much smaller time frame (32 hours vs. 28 days) and using lower pulp densities (5 g L-1 vs. 10 g 
L-1 untreated monazite). Moreover, it is clear that a pretreatment step of the monazite, such 
as roasting, can dramatically increase the efficiency of a leaching step. 
 
Figure 5-2: Leaching of rare earth elements (neodymium, lanthanum, and cerium) and 
thorium from roasted and untreated monazite as a function of time. Citric acid (0.5 M) and 
fungal supernatant acidified with citric acid (0.5 M; only for roasted monazite) were used as 
leaching agents. 
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The rare earths elemental composition and proportional release during leaching were studied 
for both monazite samples. Based on absolute concentrations, 40% of the total Nd present in 
the roasted monazite and 50% of the total La were extracted by 0.5 M citric acid, while < 0.3% 
Nd and 0.2% La were leached from untreated monazite. The results show that Nd was 
preferably leached compared to its presence in both types of monazite; 32 – 33% Nd leached 
vs. 21 – 23% present (mole fractions of REEs; Figure 5-3). Roasting of the monazite also 
induced a better proportional leaching of lanthanum (50% vs. 18% from untreated samples), 
but prevented any cerium extraction; < 1% was leached compared to 40% from untreated 
monazite. During roasting, REE-phosphates are being converted into REE–oxides, facilitating 
rare earth elements leaching (Franken 1995). Cerium, however, is being rearranged from 
Ce(III) into its less leachable equivalent Ce(IV) during roasting (Merritt 1990b; Shuchen et al. 
2007). The release of thorium remained low after roasting in proportion to the REEs; < 0.0018 
mole Th per mole REEs was leached compared to 0.10 mole Th per mole REEs present, 
confirming the preferential release of REEs over thorium that was observed earlier, as thorium 
oxide is more resistant to acid leaching (Brisson et al. 2016; Merritt 1990a). Given its 
radioactive nature, it is considered as beneficial that leaching the monazite leaves most Th in 
the residue (< 0.6% detected in leachate). 
 
Figure 5-3: The rare earths elemental composition (‘present’) and proportional release 
(‘leached’) of rare earth elements with 0.5 M citric acid (32 h leaching experiment) is shown 
for roasted and untreated monazite samples (mole fraction of REEs). Neodymium (Nd), 
lanthanum (La), and cerium (Ce) are the main rare earth elements present. Minor quantities 
were measured for praseodymium (Pr), samarium (Sm), and other REEs (Sc, Y, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, and Yb). 
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3.2 Effects of microbially produced organic acids on REE leaching 
Previous research has shown that fungi can enhance the microbial leaching due to the 
production of additional organic substances next to citric acid (Brisson et al. 2016; Qu and Lian 
2013). This was examined using spent supernatant of the fungal species WE3-F (a 
Paeciliomyces spp. strain), combined with 0.5 M citric acid. The spent supernatant of this 
Paeciliomyces spp. strain contained at least acetic, gluconic and succinic acid as major organic 
acids (Brisson et al. 2016). However, the acidified spent supernatant extracted less than the 
citric acid control; only about 80% of the leaching efficiency of citric acid could be obtained 
for Nd and La (Figure 5-2). Fungi are known to produce a diverse range of metabolites, of 
which some, often unidentified, compounds can enhance metal leaching (Brisson et al. 2016). 
Others can (partly) precipitate REEs, such as oxalic acid (Gadd 1999), and thus lower the 
leaching efficiency of an acidified supernatant. Furthermore, citric acid is a better chelating 
agent for REEs compared to acetic or succinic acid, due to its three carboxylate groups (Wood 
1993). On the contrary, cerium and thorium levels were similar to citric acid only tests. Based 
on these case-specific observations, no additional fungal metabolites are needed and the 
single use of biobased citric acid could be preferred. In contrast, Brisson et al. (2016) observed 
a better leaching by fungi and their fungal metabolites compared to the single use of organic 
acids, although only untreated monazite was studied. They reported total REE concentrations 
of 30 – 45 mg L-1 by direct bioleaching (within 32 hours) and 18 mg L-1 total REEs by abiotic 
leaching with citric acid (20 mM citric acid, acidified to pH 2.5 with HCl; 48 hours). Abiotic 
leaching levels were similar to this study, obtained at a twofold monazite concentration; 18 
mg L-1 total REEs compared to 7.5 mg L-1 ( = 10 vs. 5 g L-1 untreated monazite). Varying results 
in literature indicate that the optimal leaching agent will depend on the REE source, the 
obtained microbial products and the experimental conditions (Brisson et al. 2016; Qu and Lian 
2013; Shin et al. 2015). 
3.3 Assessment of sequential extraction efficiency 
Sequential batch tests with fresh lixiviant but the same monazite showed high initial leaching 
performances but lower leached REE concentrations in the course of the five consecutive 
cycles (Figure 5-4). With cumulative leached concentrations of 113 mg L-1 Nd and 165 mg L-1 
La, about 80% of the Nd and La was recovered within the first 24 h-cycle. Cerium and thorium 
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did not leach very effectively as approximately 1 mg L-1 Ce and 0.9 mg L-1 Th were detected in 
the lixiviant (data not shown). Compared to the elemental composition of the roasted 
monazite, 43% Nd, 53% La, 0.3% Ce, and 0.6% Th were leached. The continued leaching of 
monazite did not increase the extracted concentrations substantially compared to a single 32-
h leaching cycle. 
 
Figure 5-4: The leaching of neodymium and lanthanum by citric acid (0.5 M) from roasted 
monazite samples in a sequential batch experiment (one monazite dose and new lixiviant 
every cycle). 
Therefore, it was explored if elevated REE concentrations could be reached in a recovered 
lixiviant volume by the addition of new monazite sand every cycle (Figure 5-5). Within seven 
consecutive cycles, a maximum of 392 mg L-1 neodymium and 281 mg L-1 lanthanum were 
leached with recycled citric acid. The recycled acidified spent supernatant extracted up to 279 
mg L-1 Nd and 287 mg L-1 La. Cerium and thorium levels remained low throughout the 
consecutive cycles; max 2.2 mg L-1 Ce and 4.9 mg L-1 Th. Based on the monazite feed, about 
21% of the total Nd and 15% of the total La content were leached. These lower leaching 
efficiencies were caused by the re-precipitation of REE-phosphates. Hence, maximum 
concentrations of La and Ce were already reached after 3 – 4 cycles. Phosphorus was leached 
concomitantly from the monazite samples and its concentration increased to almost 2.8 g L-1 
(Figure 5-6). 
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Figure 5-5: Leached neodymium, lanthanum, cerium, and thorium concentrations (mg L-1) 
from roasted monazite in the course of seven consecutive cycles. Citric acid (0.5 M; ‘CA’) and 
fungal supernatant acidified with citric acid (0.5 M; ‘Acid. SN’) were used as leaching agents in 
the sequential batch experiment (fixed lixiviant and new monazite per cycle). Mind the 
different scale on the y-axes. 
 
 
Figure 5-6: The release of phosphorus in a sequential batch experiment (fixed lixiviant and 
new monazite per cycle) as a function of time. Citric acid (0.5 M) was used as leaching agent 
and roasted monazite as the REE-phosphate source. 
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Brisson et al. (2016) suggested several options to potentially optimize the REE leaching from 
(untreated) monazite, including the use of a different process design such as the repeated 
leaching of monazite by fresh lixiviant or by the recovery of the leachate. We showed that the 
former did not increase overall efficiencies to a big extent. However, it was demonstrated that 
recovered citric acid continues to leach REEs, enabling the extraction of high REE levels, as 
long as precipitation of e.g., REE-phosphates is prevented. Therefore, a reactor technology, 
which selectively separates leached anions from cations, could enable the reuse of a cleaned 
citric acid solution and favor the extraction of REEs. 
3.4 Electrochemical extraction of neodymium 
We used membrane electrolysis to separate rare earth elements from their phosphate 
counterions and to extract the REEs in more concentrated streams. The metal containing 
leachate was introduced in the middle compartment of a three-compartment electrochemical 
cell (EC) (Figure 5-7). Briefly, the flow of electrical current enables migration of anions (e.g., 
citrate, phosphate) towards an anode via an AEM and cations (e.g., REEs) towards a cathode 
via a CEM. The catholyte was characterized by a high pH (12.8 – 13.8), driven by the in situ 
production of OH- due to the reduction of water and by the use of an anion-excluding 
membrane. Under these conditions, Nd precipitates as Nd(OH)3 which can continuously be 
harvested from the bottom of the cathode (as shown by thermodynamic calculations in OLI; 
Figure Appendix 5-1). Nd(OH)3 might precipitate on the membrane as well. Following this 
precipitation, the net driving force of Nd3+ is maintained. Preliminary experiments using NdCl3 
investigated suitable ion exchange membranes and current densities (see Appendix 5-2). 
Subsequently, the neodymium extraction from a NdPO4 solution was investigated (100 mg L-1 
Nd, 0.5 M citric acid; ∆t = 72 h), at different current densities (0 – 40 A m-2; Figure 5-8). Overall, 
the mean Nd flux showed a linear increase as a function of the current density; 0.38 g Nd m-2 
d-1 at 20 A m-2 vs. 0.74 g Nd m-2 d-1 at 40 A m-2. A current density of 40 A m-2 resulted in the 
highest neodymium recovery within the tested range; a max. flux of 3.5 g Nd m-2 d-1 was 
obtained during the first 4 hours, compared to 0.6 g Nd m-2 d-1 at 20 A m-2. Simultaneously, 
about 27% of the citrate was extracted in the anolyte at 40 A m-2 within 72 h, resulting in a 
mean citrate flux of 1.2 kg citrate m-2 d-1 (vs. 0.16 kg citrate m-2 d-1 at 20 A m-2). 
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Figure 5-7: Schematic overview of the flow of different ions in the 3-compartment 
electrochemical system. Leachate from the extraction tank was introduced into the middle 
compartment. AEM: anion exchange membrane, CEM: cation exchange membrane. 
 
Figure 5-8: Average neodymium fluxes over time as a function of the current density (0, 20 
and 40 A m-2)in a 3-compartment system , using NdPO4 (100 mg L-1 Nd) as the synthetic 
neodymium source. The neodymium fluxes were calculated based on the increase in 
neodymium concentration in the catholyte between two sampling points and are indicated at 
the intermediate time points on the graph. The neodymium flux decreased over time. 
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3.5 REEs recovery through continuous leaching and electrochemical 
extraction 
A REE recovery flow sheet was proposed and further investigated, coupling the microbial 
leaching in a continuously stirred extraction tank with the electrochemical separation in a 3-
compartment EC reactor. This 2-stage process was tested for the REE extraction from roasted 
monazite (Figure 5-9;  = 4.7 g L-1 monazite and 0.5 M citric acid). Within 6 days, up to 154 mg 
L-1 Nd and 207 mg L-1 La were extracted and concentrated in the catholyte, compared to only 
7.3 mg L-1 Ce and 0.08 mg L-1 Th. 
 
Figure 5-9: Extracted neodymium, lanthanum, cerium (mg L-1), citrate (mM), and phosphorus 
(mg L-1) concentration from roasted monazite in the 3-compartment electrochemical system 
as a function of time. Citric acid (0.5 M) was used as leaching agent. By applying a fixed current 
(40 A m-2), the REEs were transferred towards the cathode, while citrate and phosphorus were 
directed towards the anode. 
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Heating the extraction tank (at 70°C) did not enhance the leaching process, except for cerium 
(max. 38 mg L-1 Ce) (Figure 5-10). Max. observed fluxes through the CEM amounted to 2.6 g 
m-2 d-1 for neodymium and 3.7 g m-2 d-1 for lanthanum (∆t = 24 – 48 hours). The concomitant 
leaching and electrochemical separation of REEs prevented the accumulation and 
precipitation in the extraction tank (Figure 5-10). Minor amounts of thorium were leached as 
well, but in contrast to the REEs, Th was transferred towards the anode and thus part of a 
negatively charged anion complex; max 2.9 mg L-1 Th was collected in the anolyte (Figure 5-
10). This favors the selective separation of the radioactive thorium from the REEs, withdrawing 
the thorium in the extraction reactor when recycling the lixiviant. The other negatively 
charged ions were concentrated very efficiently in the anolyte; 87% of the citrate and nearly 
all leached phosphorus were recovered from the lixiviant (Figure 5-9). Concentrations up to 
1.6 – 1.8 times the initial citrate and phosphate concentration were obtained in the anolyte 
(Figure 5-9). Overall, a coulombic efficiency of 24% could be obtained, meaning that 24% of 
the invested electrons was used for the transfer of Nd, La, Ce, citrate, or phosphate. This 
rather low coulombic efficiency is due to electron fluxes for competitive ions (Desloover et al. 
2012), such as Na+ and Cl-, coming from the highly saline lixiviant of the roasted monazite, as 
well as transport of protons and hydroxyl anions across the membrane recombining to water. 
Since no electrochemical separation was observed in the control run (no current applied), REE 
levels further increased in the lixiviant due to continuing leaching (Figure 5-10). The extraction 
from untreated monazite showed ineffective as demonstrated before; at maximum 0.7 mg L-1 
Nd, 1.0 mg L-1 La, and 1.0 mg L-1 Ce were detected in the catholyte and 4.8 mg L-1 Th in the 
anolyte (data not shown). 
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Figure 5-10: Extracted neodymium, lanthanum, cerium, and thorium concentrations (mg L-1) 
from roasted monazite in the 3-compartment electrochemical system as a function of time. 
Citric acid (0.5 M) was used as lixiviant. The recovery was studied under different conditions; 
heating the lixiviant in the extraction tank (70°C), working in an electrochemical cell without a 
current (control) or under normal conditions (40 A m-2, only shown for Th). 
To recover Nd more effectively at higher catholyte concentrations, additional electrochemical 
experiments were conducted based on a smaller cathode, resulting in a higher ‘extraction tank 
to catholyte’ volume ratio. This optimized reactor design was tested for the Nd extraction 
from a synthetic Nd2(CO3)3 solution (159 mg L-1 Nd; 0.5 M citric acid). With this smaller 
cathode, neodymium concentrations up to 880 mg L-1 were obtained in the catholyte after 4 
days (Figure 5-11). Nd was possibly recovered more effectively from the catholyte since it 
precipitated as Nd(OH)3. Neodymium levels in the extraction tank dropped to 13 mg L-1 Nd. 
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Overall, the Nd mass balance could be closed for 76%. The gap in the balance was mainly due 
to Nd sorption to the membrane and precipitation of Nd(OH)3 on it, as shown by Nd 
measurements after destruction of the membrane (39 mg Nd was chemically extracted from 
both membranes after a series of tests). Overall, fluxes of 3.3 – 3.8 g Nd m-2 d-1 were obtained, 
with max. observed fluxes within the first 7 hours; 4.4 – 4.6 g Nd m-2 d-1. In the meantime, 606 
mM citrate was extracted in the anolyte within 4 days (47 – 57% of initial loading), resulting 
in mean citrate fluxes of 1.9 – 2.2 kg m-2 d-1. When extending the experiment (to 7 d), up to 
81% of the citrate was recovered in the anolyte (837 mM). Furthermore, 87 – 100% of the 
initial P loading was transferred into the anolyte (up to 50 mg L-1 P). The combined 
electrochemical extraction of Nd, citrate and phosphate was characterized by a coulombic 
efficiency of 28 – 33%. 
 
Figure 5-11: Extracted neodymium (mg L-1) and citrate (mM) concentration in the 3-
compartment electrochemical system, with smaller cathode, as a function of time (n = 2). 
Citric acid (0.5 M) was used to leach Nd from Nd2(CO3)3 while a fixed current (40 A m-2) was 
applied. Neodymium was transferred towards the cathode, while citrate and phosphorus were 
directed towards the anode. 
During these experiments, the required cell potential evolved over time to a stable value (12.8 
to 8.9 V; mean: 9.7 V) and was determined by a stable anode potential (+1.3 V vs. SHE) and a 
varying cathode potential (-11.5 to -7.6 V vs. SHE; mean: -8.4 V). The energy required to extract 
the REEs is determined by this cell voltage and the coulombic efficiency. The low efficiencies 
and high ohmic losses bring about rather high power requirements for this three-
compartment cell. However, the cell potential and resulting power input can be decreased 
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substantially by optimizing the reactor design, including the use of smaller compartments, 
better internal mixing or the use of specialized membranes, which have lower resistance or 
are more selective (Clauwaert et al. 2008). 
3.6 Implications 
In general, microbial leaching of REEs from ores and solid residues such as monazite and red 
mud remains difficult and incomplete, as indicated by rather low leaching efficiencies (Brisson 
et al. 2016; Qu and Lian 2013). This implicates that some challenges need to be overcome 
before industrial relevant application of heterotrophic REE leaching can be implemented. 
Firstly, microbially assisted leaching generates low concentrated metal solutions (100 – 200 
mg L-1) (Brisson et al. 2016), mostly too diluted to allow effective chemical REE precipitation 
by NaOH. A hydrometallurgical flow sheet will have to make use of, for example, solvent 
extraction to gain higher metal concentrations (g L-1), prior to chemical precipitation (Ginley 
and Cahen 2012). In this study, an electrochemical cell was used to concentrate REEs from 
diluted lixiviants by electrolysis of REE cations under the influence of an electric field, in the 
cathode chamber via a CEM membrane. These cations precipitate instantaneously as REE-
hydroxides by in situ cathodically generated OH-. The production of REE-hydroxides enables a 
straightforward and effective separation of the REEs as solids. Secondly, the leached 
phosphates can reprecipitate the REEs in the lixiviant, indicating the need for effective ion 
separation. Thirdly, the limited leaching rates make the use of microbial organic lixiviants 
economically uninteresting. Therefore, the recovery of the organic acids is required. In this 
study, we showed that the leaching agent can effectively be recovered from the pulp by 
application in an electrochemical system. Next to the extraction of Nd as Nd(OH)3 in the 
cathode, the counterions phosphate and citrate will be separated in the anode, making it 
possible to recover citric acid as a microbial lixiviant. To allow effective reuse of the anolyte 
as lixiviant, phosphates should be removed to avoid concentration of phosphorus in the flow 
sheet. This phosphate purge can be achieved by precipitation as iron phosphates. 
Alternatively, citric acid could be extracted from the anolyte by the use of solvents (Kristiansen 
et al. 2002), although the sustainability of such process will have to be evaluated first (Welton 
2015). An additional advantage of the system can be found in the separation of the radioactive 
element thorium from the targeted rare earth elements, preventing a radioactive 
contamination of the obtained REEs stream. 
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The REEs leaching performance could be further improved through optimization of the overall 
flow sheet design and of its individual processes. The pretreatment of the monazite could be 
optimized as the maximum reached leaching efficiencies suggest that the conversion of REE-
phosphates into REE-oxides was incomplete, restricting REEs recovery. A better mixing during 
both leaching and electrochemical extraction is also crucial to enhance REE recovery. 
Furthermore, optimized or alternative reactor designs could be developed to increase the 
overall recovery efficiency and performance of the technology. For example, the separation 
of phosphate and citrate in an EC system could be aimed at. The most suitable selective 
membrane and operating conditions could be selected to extract phosphate in the anolyte 
and leave citrate in the mid compartment, allowing the direct reuse of citrate as leachate since 
phosphate and thorium are both removed through the anolyte. 
Currently, the recovery of rare earth elements from waste is very limited, due to the low 
market value of most REEs (Rademaker et al. 2013; USGS 2016c). REE recovery technologies 
will not easily become economically viable as long as REE prices remain low. For example, 
based on the last experiment and an energy cost of 0.1 EUR per kilowatt hour, the power cost 
of extraction is calculated at 278 EUR per kg of Nd transferred (2.78 kWh per g Nd). In case an 
improved reactor design could be used resulting in a lower cell potential (2.5 V), the power 
cost of extraction could be lowered to 72 EUR per kg of Nd. The current market value of about 
55 EUR per kg Nd is not sufficient to balance the power costs, even excluding other operational 
costs and the capital investment of the system. Still, sudden changes in REE demand by rapid 
growth or changes in supply by export restrictions can be accompanied by highly volatile 
prices (Alonso et al. 2012). 
This study aimed at the development of a technology suitable for the recovery of REEs from 
diverse solid sources. Compared to autotrophic leaching processes that require S or Fe-based 
resources, heterotrophic leaching can be applied to a larger variety of primary and secondary 
sources (Hennebel et al. 2015). To implement the leaching process step, two main types of 
technologies exist; heap-based irrigation leaching and stirred-tank leaching (Hennebel et al. 
2015). Restrictions regarding time, space and the capital investment will determine the choice 
of technology. Monazite was used in this study as a feed of REEs but it can be envisioned that 
residues such as lamp phosphors, mine tailings and metallurgical slags can be used as feed 
source in a similar flow sheet (Binnemans et al. 2015). 
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 CHAPTER 6 
GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
Parts of this chapter are redrafted after: 
Hennebel T., Boon N., Maes S., and Lenz M. (2015) Biotechnologies for critical raw material 
recovery from primary and secondary sources: R&D priorities and future perspectives. New 
Biotechnology 32 (1), 121-127. 
 
Metal recovery strategies based on urban mining and industrial secondary sources need to be 
established to tackle the increasing supply risk of critical metals such as PGMs and REEs 
(Chapter 1). While concentrated high value metal streams are economically interesting to be 
treated by conventional metallurgical technologies, efficient and low-cost strategies are 
missing for low-concentrated metal sources. Therefore, this work studies the metal recovery 
potential of different microbial-based strategies for liquid and solid waste streams. Chapters 
2 to 4 focused on the recovery of platinum from diluted process and waste streams, while 
Chapter 5 aimed at the recovery of rare earth elements, mainly neodymium and lanthanum, 
from solid sources. In this general discussion, first, a strategy will be developed for selecting 
the most appropriate metal recovery technology for each target stream. Secondly, we will 
select potential streams and discuss the development of possible reactor set-ups and the 
importance of postprocessing. Finally, the application potential of the technologies is 
examined through an explorative economic analysis. Overall, this discussion focuses on the 
evaluation of the biotechnologies for PGM recovery from liquid streams and will not discuss 
the REE extraction from solid sources. The implications for a future technology on REEs 
recovery are discussed in Chapter 5. 
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1. Recovery of platinum from liquid streams 
1.1 Characterization of potential streams and ongoing processes 
This doctoral work studied different biometallurgical technologies and their possible 
applications. A good characterization of interesting streams is of utmost importance to further 
explore the potential of biometallurgical technologies. This work showed the influence of the 
prevalent conditions (pH, salt concentrations, metal speciation) on the success of a proposed 
technology (Chapter 2 and Chapter 4). Therefore, every single stream asks for the 
optimization and evaluation of a preferred technology, depending on the conditions. Vice 
versa, the input and output requirements of every developed technology should be known to 
promote perfect technology-stream ‘matchmaking’. Biometallurgical technologies will often 
be important for the valorization of small volume streams, characterized by their own case-
specific conditions. 
A good assessment is as well essential at higher levels in the life cycle of materials. Since only 
little information is known regarding flows of many critical materials, an inventory should be 
compiled to get an overview of interesting streams of application, by carefully analyzing 
metals extraction, manufacturing, use and recycling. This may shed light on previously 
unrecognized sources to which biotechnologies may be used; such as the currently studied 
hospital wastewaters containing Pt from cancer therapy or Gd from Magnetic Resonance 
Imaging (MRI) contrast agents (Kümmerer 2001; Lenz et al. 2007a). 
A comprehensive inventory of critical material flows is a prerequisite to be able to 
complement the best technologies of hydro-, electro- and pyrometallurgy with novel 
biometallurgy approaches to meet future challenges of scarcity. As such, closed metal life 
cycles have to be created. 
1.1.1 Application potential: identification of the streams 
The increased use and importance of platinum in different industries lead to the production 
of a variety of low concentrated Pt containing wastewaters and process waters. These waste 
streams can be typified by an acidic to neutral or alkaline pH, and low to high salt content. As 
a start, there are for example Pt containing wastewaters that are characterized by 
circumneutral conditions and low salts level. For example, hospital wastewaters might contain 
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Pt-chlorides and chemotherapy complexes cisplatin and carboplatin, depending on the 
medical activities, and are mainly typified by a less complex matrix. Possible difficulties include 
the very low Pt-concentrations and the presence of other metals or antibiotics, which can 
hamper the biological recovery (Kümmerer 2001). Other applicable low-concentrated sources 
include municipal wastewaters, receiving for example stormwater containing Pt-chlorides 
from deteriorated automotive catalysts or wastewater from dental clinics (as Pt is used in 
implants) (Westerhoff et al. 2015; Zhuang et al. 2015). Wastewaters from pharmaceutical and 
fine chemical industries containing leached Pt from the use of Pt-based catalysts can be 
targeted as well. Other potential Pt sources include acidic and saline waste streams, such as 
streams from extraction and separation processes in metal refineries or from acid mine 
drainage (Nancharaiah et al. 2016). Next, wastewaters from jewelry manufacturing might be 
of interest as well. The extreme pH or high salts level of these streams might complicate the 
recovery of the metals. The reviewed streams are defined by either small (e.g., hospital 
wastewater) or large volumes (e.g., acid mine drainage) and mainly contain favorable metal 
concentrations for microbial recovery (g - mg L-1). Further dilution of the streams should 
however be avoided to assure effective recovery. 
Particular secondary Pt-sources require the implementation of a different recovery strategy 
and additional measures to enhance the recovery potential. For example, the administration 
of chemotherapy complexes results in the excretion of these Pt-complexes via the urine (Lenz 
et al. 2005). This urine usually ends up in a municipal or ideally a hospital wastewater 
treatment plant, where it gets mixed and diluted to a very large extent, resulting in very low 
Pt concentrations (ng - g L-1 range). These are more difficult to be removed and valorized 
(Kümmerer 2001; Lenz et al. 2007a; Zhang et al. 2013). To recover the Pt more effectively, a 
source separation strategy could be implemented, to collect urine and/or wastewater from 
involved patients or wards separately, resulting in higher concentrated, lower volume waste 
streams (Lenz et al. 2007a; Zhuang et al. 2015). While the higher Pt concentrations will favor 
the valorization of Pt from the source, the selectively collected streams could be characterized 
by specific, more difficult matrix conditions. Due to the contamination with bacteria, urine 
becomes highly unstable and the pH increases to around 9 (Udert et al. 2006). Alternatively, 
residue liquids from cancer therapy related surgeries could be collected (mg L-1 Pt range). 
Preliminary experiments showed a max. Pt recovery of 10% from such a stream (C0 = 28 mg 
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L-1), using a halophilic mixed culture (at pH 7.4), while 12% Pt was recovered by the halophiles 
after the addition of 100 mg L-1 Pt(II)Cl42- (pH 2.4; using H2 as electron donor). Although these 
limited recoveries indicate a potential inhibition of the microbial Pt recovery, the recovery 
performances could be improved by optimized technology development. This case 
demonstrates that all aspects need to be taken into account to choose the most optimal 
recovery strategy, including possible additional measures in the collection or treatment of the 
metals. 
1.1.2 Finetuning biomass for potential streams 
Chapters 2 to 4 demonstrated the influence of Pt-speciation and matrix conditions on the 
choice of bacteria and on the success of the aimed biotechnology. A selection of microbial 
species was tested on a series of platinum complexes, representative for relevant Pt 
containing wastewaters. Such observations are key in the choice and development of a 
biotechnology. A biometallurgical technology should be chosen based on the wastewater 
conditions and the recovery and product requirements. In the first place, one needs to 
characterize and consider the matrix conditions of the liquid stream (Figure 6-1). The matrix 
composition, including the salt species, salt concentrations, and pH, determines the choice of 
microbial culture as it influences the microbial viability and activity (Chapter 3). Microbial 
species such as Cupriavidus metallidurans or Bacillus toyonensis are more suitable for 
freshwater, circumneutral streams, while halophilic cultures are adapted to harsh, challenging 
conditions, fitting well for saline industrial process streams. Contaminants such as copper or 
pharmaceuticals can inhibit the microbial activity or hamper the metal recovery; Cu2+ is for 
example a known hydrogenase inhibitor, entangling enzymatic reduction (De Corte et al. 
2011a; Kümmerer 2001). As Chapters 2 and 4 demonstrated, the metal speciation is the 
decisive factor in the recovery potential of selected biomass for a specific stream. The metal 
valence, the presence and type of ligands, and the metal activity affect the metal availability 
(towards biomass) and the extent of sorptive and reductive removal. The pH of the stream 
influences all aspects; (i) it typifies the matrix conditions, (ii) it influences the microbial viability 
and (iii), it steers the metal-bacteria interactions as it affects both the metal activity and the 
membrane charge of the bacterial surface and its functional groups (Chapter 3). Finally, the 
choice of technology will be depended on the metal concentration of the stream. 
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Figure 6-1: The choice of best fitting biometallurgical technology to recover platinum, 
depending on the waste or process stream characteristics. 
Subsequently, the most interesting biomass can be chosen within a spectrum of tested 
microbial cultures (Figure 6-1). Untreated, axenic cultures such as the metal-resistant species 
Shewanella oneidensis are preferentially applied on wastewaters characterized by 
circumneutral conditions, such as hospital wastewaters (Chapter 2). These axenic cultures can 
either be used as such in monoculture systems or can be mixed with similar or more common 
wastewater treating species in mixed cultures. More specialized mixed cultures that are 
adapted to specific conditions such as halophilic mixed cultures are suitable for acidic and 
saline wastewaters, such as industrial process water or acidic mine drainage (Chapter 3 and 
4). Pretreated biomass, such as preplatinized halophiles that do contain already catalytic Pt or 
Pd particles, can be applied to recover challenging metal complexes (Chapter 4). Based on the 
conditions, one can choose the most optimal biomass, which still might need finetuning to 
perform even better. The halophilic mixed cultures for example were approved for application 
in saline process streams but needed pretreatment to be able to recover the challenging Pt-
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tetraamine complex. Besides the studied types of biomass, possible alternatives can be found 
in, but are not limited to; regular activated sludge, fed on municipal wastewater or on more 
specific industrial streams; granular biomass, known for its high sorptive capacity (Gao et al. 
2011), or (physicochemically) modified biomass, such as regular sludge pretreated with for 
instance chitosan, a biopolymer containing free amine groups, or modified through pH or 
temperature alteration (De Corte et al. 2013; Gadd 2009). 
1.1.3 Ion exchange technology as benchmark 
Ion exchange technologies are well known and have been developed for the recovery and 
separation of many metals, including the recovery of precious metals (gold, silver, PGMs) 
(Bernardis et al. 2005; Nikoloski et al. 2015). During the last decade, functionalized resins have 
been described for the selective recovery of PGMs, by the use of functional groups such as 
quaternary ammonium groups and tertiary amine groups (Kononova et al. 2010; Wołowicz 
and Hubicki 2011). Ion exchange resins containing quaternary ammonium or thiourea groups 
were reported to sorb Pt and Pd for 84 - 99% from chloride solutions (batch experiments) 
(Kononova et al. 2010; Nikoloski et al. 2015). Similar to the choice of the best fitting biomass, 
the most optimal ion exchange resins need to be selected to enable effective recovery. The 
matrix conditions and metal speciation will determine the selection of the resins and their 
physical and chemical structure. Further finetuning and functionalization of the resins might 
be needed to resist the prevalent conditions and enable selective recovery. Since ion exchange 
has already been successfully applied on acidic and chloride rich solutions such as spent 
catalyst leachates (Kononova et al. 1998), this technology was selected as benchmark for the 
evaluation of our biotechnologies in this discussion. 
1.1.4 Mechanisms 
In this work, the bacteria and bacteria-metal interactions were studied by several techniques 
(high throughput sequencing, TEM, SEM, EXAFS, flow cytometry). However, a further 
characterization of the underlying mechanisms would be necessary to gather knowledge for 
further applications. This can only be resolved in a multidisciplinary approach combining 
various fields (i.e., microbiology, material sciences, engineering, etc.) and techniques 
(proteomics, metagenomics, synchrotron based techniques, etc.). Only a profound 
understanding of metal-microbe interactions and of the products formed will allow adopting 
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technologies from one resource to another as a timely response to changing demand/supply 
patterns. 
Since the optimal pH-range for platinum sorption was observed to be around pH 2.0 – 3.0 
(based on the Pt(II)Cl42- and Pt(IV)Cl62--complexes) and many interesting industrial streams are 
acidic (Tanaka and Watanabe 2015), this work mainly focused on the recovery of Pt at low pH. 
The study on biological recovery included the use of four Gram-negative and one Gram-
positive microbial species, as well as a series of mixed halophilic cultures containing both G- 
and G+-species (mainly G-). Figure 6-2 gives a schematic representation of the bacterial cell 
wall and the studied Pt-complexes. Based on the observations, the biorecovery process is 
assumed to consist of two steps; (1) the initial sorption of Pt to the cells, (2) followed by the 
reduction and precipitation of the sorbed Pt ions, as was observed for Au(III) and Pd(II) before 
(De Corte et al. 2011c; Rotaru et al. 2012). The addition of an electron donor was always crucial 
to achieve complete recovery since the sorptive removal was limited (max. 27% within 48 h). 
Certain Pt-complexes, for example the Pt-tetraamine complex, can subsequently 
autocatalytically be reduced on the surface of the already formed Pt(0) particles. As 
mentioned earlier, the pH, ionic strength and metal speciation will affect the sorption and 
reduction efficiency, while the Pt-speciation itself is already strongly influenced by the pH and 
chloride concentration. Pt recovery processes are characterized by a complicated chemistry, 
driven by the behavior of the bacteria and Pt-complexes.  Chloride rich (and acidic) conditions 
favor the presence of negatively charged Pt-chloro complexes, PtCl42- and PtCl62-, which will 
interact with protonated surface groups such as amines under acidic conditions, facilitating a 
good recovery (Colombo et al. 2008; Tanaka and Watanabe 2015). At a neutral pH, the 
removal of this Pt-complex is hampered, possibly due to electrostatic repulsion between the 
interacting groups. Depending on the chloride concentration, chloro aqua complexes such as 
PtCl3(H2O)- and PtCl2(H2O)2 and hydroxy complexes might be present as well (Azaroual et al. 
2001; Mahlamvana and Kriek 2014). Both PtCl42- and PtCl62- complexes were recovered 
completely at low pH by all studied microbial species (in the presence of H2-gas), although 
sorption and reduction of the larger Pt(IV)Cl62- complex was slower. Cisplatin, mainly present 
as uncharged hydroxy-complexes at neutral pH and as positively charged hydrated complexes 
at low pH (Lenz et al. 2005; Michalke 2010), was recovered completely at low pH by 
Shewanella oneidensis and Cupriavidus metallidurans (with H2-gas). Besides electrostatic 
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interactions between the bacterial surface and metal ions, metal complexes can also interact 
with specific functional groups through ion exchange and chelation mechanisms, which might 
explain the sorption of cisplatin at neutral pH, combined with the sorption of small amounts 
of hydrated cisplatin (Fein et al. 1997; Gadd 2009; Hubicki and Wołowicz 2009). Only limited 
sorption and no reduction was observed for carboplatin, which is mainly found in its intact 
form in wastewaters (Hann et al. 2005). Under neutral conditions, the G+-species sorbed 
slightly more of the carboplatin complex (up to 25%). Sorption or reduction of the Pt-
tetraamine complex was lacking, which was possibly due to the presence of Pt as the neutral 
Pt(NH3)4Cl2 complex, which prevents any interaction with the bacteria. Still, the complex could 
be removed by reduction on Pt(0) particles, as was observed during the treatment of a real 
process stream that contains this Pt-complex (Chapter 4). Only PtCl42- and cisplatin could be 
removed completely by H2-gas in chemical reduction controls. 
Next to the more challenging speciation of the Pt-complex, the matrix conditions of the 
process stream might also complicate effective Pt recovery; only 10% recovery of the Pt-amine 
complex was obtained when spiking 100 mg L-1 Pt as Pt(II)Cl42- into a synthetic stream 
containing 80 g L-1 NH4Cl, while 99% Pt was recovered from a stream containing only 8 g L-1 
NH4Cl. As suggested in Chapter 4, the spiked PtCl42- might have formed complexes with 
nitrogenous species in the stream, preventing effective recovery of the platinum. The 
simultaneous presence of Pt-chloro and Pt-amine complexes might also result in the 
precipitation of the Magnus’ Green salt [Pt(NH3)4][PtCl4] (Cotton 1997). However, both PtCl42- 
and PdCl42- were shown to be able to remove the Pt-tetraamine complex through the 
simultaneous addition of the PGM-chloride complex or through the use of preplatinized or 
prepalladized biomass, indicating the importance of the catalytic activity of a PGM rather than 
the precipitation of the Magnus’ Green salt. 
Although all studied microbial species achieved similar recovery efficiencies, different 
mechanisms might be responsible for the recovery potential. The small differences observed 
during the first sorptive step might be related to the different cell wall structure of G+ and G--
species, although several studies observed no differences in metal sorption between species 
of both Gram groups (Ginn and Fein 2008; Johnson et al. 2007; Yee and Fein 2001). On the 
other hand, differences in extracellular polymer production and characteristics between 
species might be responsible as well (Yee and Fein 2001). 
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Figure 6-2: A simplified schematic representation of the cell wall of a Gram-negative (G-) and 
Gram-positive (G+) bacterial species, their potential interacting functional groups and the 
studied Pt-complexes, under both an acidic and neutral pH (based on Dieluweit et al. (1998); 
Jiang et al. (2004); Volesky (2007)). OM: outer membrane; PP: periplasm; PG: peptidoglycan; 
CM: cell membrane; SL: S-layer. Lipopolysaccharides are shown on the outer membrane of the 
G--species and teichoic acids in the cell wall of the G+-species. 
Chapter 6 
148 
The subsequent reduction process will vary depending on the microbial species (Chapter 2). 
To our knowledge, the bioreductive mechanism for Pt reduction has not been unravelled yet 
for any of the microbial species studied in this research. This would require an in-depth study 
of the different microbial cultures to determine the ongoing mechanisms and involved 
enzymes. The effect of the cultivation and matrix conditions on the enzymatic recovery should 
also be investigated for technology application. Suggestions can be made for further research. 
In this study, the halophilic mixed cultures and the facultative anaerobic bacteria were always 
cultivated under aerobic conditions, followed by metal reduction under anaerobic conditions. 
Cultures were grown aerobically to stimulate and accelerate biomass growth, compared to 
anaerobic cultivation, although the performance of anaerobically cultivated should as well be 
examined. Furthermore, dissimilatory metal reducing bacteria such as Shewanella and 
Geobacter are known to make use of different hydrogenases and cytochromes to transfer 
electrons to reduce metals. Therefore, it could be investigated how the activity of these 
enzymes can be stimulated. The bacteria could be (partly) cultivated autotrophically in the 
presence of H2 or the harvested culture could be immersed under H2 rich conditions in the 
stationary phase, to maximize hydrogenase activity. Besides the identification of the enzymes, 
also the effect of several factors on the enzymatic recovery should be studied for application 
purposes; effects of oxygen, metals such as Cu(II) and an acidic pH. As Cu(II) is known to inhibit 
specific (periplasmic) hydrogenases, the effect of Cu-containing streams on the microbial 
reduction could be better predicted in case such enzymes are involved (De Corte et al. 2011a; 
Riddin et al. 2009). Zhou et al. (2016) observed a substantial effect of an acidic pH on the 
activity of the [NiFe] hydrogenase responsible for H2 oxidation in their denitrifying culture. 
The hydrogenase maintained only partial activity at acidic pH (e.g. 32% at pH 2.2 compared to 
pH 7), resulting in an acceleration of the autocatalytic Pd reduction reaction. A better 
understanding of the enzymatic mechanisms and activity will help to understand the effect of 
(fluctuating) waste stream compositions and how to respond. Species could also be genetically 
modified to enhance enzymatic activity that steers metal reduction (Deplanche et al. 2014; 
Lloyd et al. 1999). 
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1.2 Technology development 
Based on the preferred biomass, a biometallurgical technology can be developed or fitted to 
the prevalent conditions and requirements. Next to the characteristics of the stream, it is 
important to consider the target effluent limit, the metal concentration and product 
requirements of the created metal loaded biomass (e.g., water content, product matrix, 
presence of possible contaminants) and the economical and technical possibilities of the 
responsible actor. Every single stream holds new opportunities for metal recovery but asks for 
a case-specific evaluation to obtain the best fitting technology. 
The reactor configuration can be modified to fulfil the effluent or product requirements, such 
as the treatment in a multi-stage reactor set-up to maximize the recovery and lower the 
effluent concentration. Minimal effluent concentrations are important from both an 
environmental and economical point of view, minimizing associated environmental burden 
and discharge costs, as well as maximizing the recovered product and its potential profit. 
However, multi-stage set-ups imply higher treatment costs (both capital and operational). 
Figure 6-3 shows the removal of platinum from a process stream in a three-stage batch 
experiment. This experiment mimics a sequential batch reactor, an often-used 
biotechnological set-up. Due to the first order kinetics of the metal recovery process, low 
residual metal levels could be achieved through a multi-stage treatment. Previous 
experiments indicated the importance of the biomass-to-liquid ratio, especially if platinized 
biomass was used to recover a more challenging Pt-complex (the bio-Pt/Pt-complex ratio; 
Chapter 4). Therefore, this experiment made use of two different bio-Pt concentrations (100 
or 200 mg L-1), tested in four different consecutive combinations. Within a first cycle (21 h), Pt 
concentrations were lowered from 10.3 mg L-1 to 2.9 – 4.9 mg L-1, depending on the applied 
condition. Considering for example a target effluent limit of 1 mg L-1 Pt, this single step 
treatment does not yield the desired quality. By treating the process stream in a selected two-
stage reactor system, effluent concentrations of 0.6 – 0.7 mg L-1 Pt could be reached when 
using 100 / 200 or 200 / 200 mg L-1 bio-Pt in series. To recover more Pt and to lower Pt losses, 
the system can be extended to a three-stage or even more complex set-up, as preferred. The 
use of a higher bio-Pt concentration is more critical at lower Pt-complex concentrations 
(condition 2 vs. 3), as the combination of 200 / 100 mg L-1 bio-Pt did only reach the effluent 
limit (1 mg L-1 Pt) by extending the system with a third treatment step. This observation 
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confirms the improved recovery when using higher bio-Pt/Pt-complex (biomass-to-liquid) 
ratios. 
 
Figure 6-3: The removal of platinum from a process stream by bio-Pt in a three-stage batch 
test (shown as the decline in Pt-concentration). The process stream was treated in parallel 
under four different conditions (numbered 1 to 4), consisting of different bio-Pt concentrations 
(expressed as mg L-1 bio-Pt). Each individual treatment step took 21 hours. A target effluent 
limit of 1 mg L-1 Pt is indicated on the graph. 
Different criteria need to be taken into account when selecting the appropriate reactor set-
up to treat low-concentrated metal streams. An optimal mixing needs to be ensured to 
increase the recovery efficiency, speed up the process and prevent biomass aggregation (this 
decreases the particle surface area available for metal removal). Additionally, high biomass-
to-liquid ratios are needed; these can be achieved by maintaining a high sludge retention time 
(SRT) in the reactor and/or the recirculation of the biomass. Stirred tank reactors provide good 
contact and have been used before in metal sorption studies (Figure 6-4) (Prakasham et al. 
1999; Solisio et al. 2000; Volesky 1987). Alternatively, we can use membrane bioreactors 
(MBRs) with plate membranes or hollow fibre systems. MBRs are characterized by high SRT 
values and have been applied in pollutant removal experiments using bio-Pd, to keep the bio-
Pd in the reaction medium and to prevent leaching of the catalyst (De Corte et al. 2011a; 
Hennebel et al. 2009). Reactors can be run in continuous or batch mode, depending on the 
operation of the plant. Finally, the reactor set-up should include or be extended with a unit, 
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to separate the biomass from the treated water. Biomass filtration is already comprised in the 
MBR technology, but stirred tank reactors will have to be coupled to a settling or filtration 
unit. The separated biomass can be recirculated to the reactors and partly harvested, 
depending on the metal content of the biomass and related requirements. To feed the 
reactors, biomass can be supplied by an external biotechnology company or can be produced 
on-site. If the treated stream is characterized by harsh conditions, external cultivation of the 
biomass in a separate reactor is preferred. External cultivation is for example already utilized 
in the THIOTEQTM metal technology of Paques BV (The Netherlands), which is based on the 
production of metal sulfides through the cultivation of bacteria on ethanol. The reactor set-
ups can be modified and further optimized depending on the conditions. For example, a 
centrifugal contactor could be used to provide a better contact and speed up the process, 
although this would largely increase the CAPEX of the technology. 
 
Figure 6-4: A schematic representation of a possible reactor set-up, consisting of two 
sequential stirred tank reactors. The saturated biomass can be harvested from the reactors, 
filtered and subsequently incinerated. The Pt will finally be leached from the resulting ashes to 
obtain the recovered metal. 
The process or waste stream will thus be treated in a single or multi-stage reactor system, in 
which the liquid phase can be recirculated until effluent limits are reached. The process can 
be controlled by measurement of the Pt concentration and oxidoreduction potential. In 
sequential batch reactors, the electron donor can be dosed at the start of the cycle and the 
residual Pt concentration can be measured after a predefined contact time. In the case of 
preplatinized biomass, the system can partly be fed with untreated biomass, while 
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guaranteeing the perfect ratio between bio-Pt and fresh biomass (Chapter 4). Such controlling 
and finetuning is part of the optimization of a technology and aims at improved performances 
and lowered costs. By monitoring the biomass and reactor effluent, the recirculation of the 
liquid phase and the harvesting of the biomass will be steered. The frequency and timing of 
harvesting needs to be determined based on the effluent and product requirements, allowing 
harvest of the biomass when (1) saturated, (2) minimal metal content for further processing 
is reached or (3) when reaction rates of metal recovery slow down (for example if particles 
become too large). The biomass can be harvested and partly dewatered by centrifugation, 
filtration or settling, to enhance the economic feasibility of transporting and further 
processing the biomass. When relevant, direct applications can be looked for to valorize the 
harvested biomass, such as for the removal of halogenated compounds (De Corte et al. 
2011a). If not, further processing is needed to recover the metal as pure product. 
1.3 Metallurgical toolbox: pre- and postprocessing 
This work aimed at the recovery of critical metals from process and waste streams, by 
developing a biometallurgical technology. However, the proposed technologies are only able 
to transform aqueous Pt streams into Pt rich biomass, representing just one single step in the 
recovery of metals. The valorization and reimplementation of the recovered metals into the 
material life cycle asks for further processing of the harvested Pt saturated biomass. 
Therefore, it is important to define the requirements for postprocessing of metals won by 
biometallurgy. Before one applies physicochemical techniques on biometallurgical 
preconcentrated streams, the required technical characteristics (e.g., metal concentrations, 
water and solids content before economically interesting) of these streams need to be known. 
As outlined in the introduction (Chapter 1), a metallurgical toolbox should be developed 
consisting of a series of metallurgical technologies to pretreat the stream, extract and recover 
the metals and valorize the residual matrix (Figure 6-5). Different biometallurgical 
technologies can be part of this toolbox. 
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Figure 6-5: A tailored flow sheet can be designed based on a metallurgical toolbox (based on 
MetGROW and IWT SIM MaRes project proposals). 
Aiming for a European cradle to cradle concept of raw materials within a circular economy, 
one should not only explore the waste streams on which biometallurgy can focus, but also 
define, characterize and develop the area of application as well as the consumer market for 
raw materials of biometallurgical origin. When metal recovery is linked to the formation of a 
product in a one-step process (e.g., bio-Pt, bio-Pd, bio-Se, bio-Ag, and bio-Ce) (Buchs et al. 
2013; De Gusseme et al. 2010a; De Gusseme et al. 2010b; Hennebel et al. 2012), the market 
for this product should be clearly defined and explored to evaluate potential direct 
applications (Lenz and Lens 2009). The direct use of bio-Pd as a sustainable catalyst has been 
extensively studied in the treatment of halogenated pollutants, the reduction of Cr(VI) and in 
organic chemistry, while bio-Ag and bio-Ce were used for the removal of viruses (De Corte et 
al. 2011a; De Gusseme et al. 2010a; De Gusseme et al. 2010b; Mabbett et al. 2006). Bio-Pt 
and bio-Pd have as well been used as electrode catalysts in fuel cells (Yong et al. 2007). 
Interestingly, these materials may even be tuned (by particle size and d-spacing) to obtain 
catalysts more active towards a certain class of pollutants (De Corte et al. 2011b; De Windt et 
al. 2006). For direct catalytic applications, extracellular metal particles on the biomass are 
preferred to maximize catalytic activity. As shown in Chapter 4, Pt loaded biomass extracted 
from highly saline streams would be less applicable for catalysis due to their large intracellular 
Pt clusters, while fine extracellular particles are preferred. 
Biometallurgical technologies can be selected in the tailored flow sheets to recover metals 
from secondary streams such as industrial residues, metallurgical slags and mine tailings. The 
choice of postprocessing steps (e.g., incineration, smelting or dissolution) depends on the 
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biomass composition (e.g., metal and water content, present matrix) and will affect the 
recycling yield (Hagelüken 2006). The most optimal and feasible processing flow sheet will 
have to be determined case by case. The obtained metal rich biomass can for example be an 
interesting feed of a (precious) metals refinery and can be introduced into an existing recycling 
plant. Chapter 4 already mentioned different potential feeds of PGM refineries, including 
high-grade concentrates from primary mining (0.2 – 2 g kg-1 PGM) or spent automotive 
catalysts (1 – 5 g kg-1 precious metals). The metal composition and concentration of the 
biomass will determine the integration of this feed into the existing recycling plant. Mixed 
metal sludge containing diverse metals will be fed to the smelter and undergo the complete 
recycling process, while biomass exclusively containing PGMs (single or mixed metal streams) 
can bypass the smelter and can be directly treated in the precious metals refining flow sheet. 
The biomass could be incinerated to remove the organic material, followed by leaching of the 
PGMs from the ashes (Figure 6-4). Different postprocessing flow sheets exist (1) to separate 
metals in case of multi-metal feed and (2) to obtain the metal in the “right condition” (e.g. Pt 
salt or as elemental Pt). 
When targeting low-concentrated waste streams, logistics need to be taken into account. 
Long-distance transport of small volumes of low-concentrated streams is not economically 
feasible, asking on-site processing or concentration. Therefore, biometallurgical technologies 
could potentially be used as single process units in small, local recovery loops for low volume 
wastes. For example, PGMs could be biometallurgically recovered from waste streams 
produced during jewelry manufacturing. After sufficient biomass-metal contact, biomass 
could be separated by settling and incinerated to recover the metals. 
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2. Economics: pollution prevention vs. profitable recovery 
2.1 Intrinsic value of streams 
Prior to the selection and implementation of the appropriate biometallurgical technology, one 
needs to assess the economic feasibility of the specific case, determined by the intrinsic value 
of the stream and the investment and operational costs of the proposed technology. Table 6-
1 gives an overview of possible streams, to illustrate the potential value of Pt containing 
process and waste streams. Although many interesting streams could be found in literature, 
details on produced volumes or flow rates are mostly lacking. This observation confirms the 
necessity of a good inventory of PGM containing process and waste streams, including the 
survey of relevant industries, to better define the real PGM recovery potential. Even though 
the low Pt content of hospital and municipal wastewaters is (partly) compensated by high flow 
rates, it is still questionable if metal recovery can become profitable for these streams. Overall, 
all hospitals in Flanders produce together about 2.8 million m3 wastewater y-1, holding an 
estimated Pt value of € 10.8 million yearly (assuming a mean Pt concentration of 125 g L-1 in 
hospital wastewater (Lenz et al. 2007a)) but spread over many locations. In contrast, industrial 
leachates from spent PGM products seem to be highly valuable, possibly even permitting 
treatment by conventional technologies. Waste streams containing multiple metals might 
show additional value, increasing the profit of recycling. Although multiple metals will 
accumulate over time in the biomass, the process will mainly be driven by the most valuable 
metal. 
When focusing on low-concentrated streams, one should determine the tipping-point 
between the maximal metal concentration that only allows pollution prevention and the 
minimal concentration needed to permit profitable recovery. Unfortunately, any discharge 
limits or legal incentives are currently lacking for discharging PGMs. The establishment of 
regulations concerning critical metals can support profitable recovery in the future. 
Fluctuating and decreasing metal prices might however obstruct the implementation of metal 
recovery strategies; for example the platinum price lowered from 49.2 € g-1 in 2011 to 30.8 € 
g-1 in 2015 (USGS 2016c). As metals will become more scarce in the future, prices will generally 
rise and boost metal recovery. 
  
Table 6-1: Overview of potential PGM containing streams, based on specific cases mentioned in literature (metal prices based on USGS (2016c)). 
Origin of stream Pt conc 
(mg L-1) 
Other PGMs 
(mg L-1) 
Value/L 
(€ L-1) 
Flow rate 
(m3 d-1) 
Value/y 
(€ y-1) 
Reference 
Hospital WW 0.000125 - 3.85 x 10-3 500 702 144 Lenz et al. (2007a) 
        
Municipal WW 0.00002 - 6.16 x 10-7 740 000 166 268 Two large WWTPs; Laschka 
and Nachtwey (1997) 
        
Industrial acidic leachate 280 Pd 110 13.7 unknown - Gauthier et al. (2010) 
  Rh 93     
        
Industrial waste processing 
leachates 
81 Pd 29 3.3 unknown - Mabbett et al. (2006) 
  Rh 7     
        
Industrial process stream 90 - 2.8 4.1 4 155 152 Pers. communication 
        
Industrial processing waste 
stream 
546.2 Pd 202.2 21.2 unknown - Yong et al. (2010) 
  Rh 14.4     
        
Leachate from spent 
catalysts 
      Marinho et al. (2011) 
Catalyst type 1 1040 - 32 unknown -  
Catalyst type 2 730 - 22.5 unknown -  
        
Leachate from PGM waste 799.8 Pd 702.4 46.1 unknown - Murray et al. (2015) 
  Ir 76.9     
  Rh 226.4     
  Ru 151.6     
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2.2 Economic perspective 
Since this doctoral work only investigated the proposed biotechnologies on a small (batch) 
scale, the following economic analysis serves as a first explorative evaluation of the potential 
of the technology and should be interpreted carefully. Further development of the technology 
together with the evaluation of its performance on reactor and pilot scale are crucial to obtain 
a more detailed and accurate economic analysis. As mentioned before (Chapter 6, § 1.1.3), 
the biometallurgical technology can be benchmarked against the conventional ion exchange 
process. 
2.2.1 Carrier cost 
First, different carriers of interest can be compared regarding their metal recovery capacity 
and related cost (Table 6-2). The halophilic mixed culture S105M (see Chapter 3) was selected 
for this analysis (i) as the culture was approved for the treatment of a real process stream in 
this study (Chapter 4). The anion exchange resin Lewatit MP 600, containing quaternary 
amines as functional groups (ii, Lanxess AG, Germany), and the metal scavenger Smopex-105 
(iii, Johnson Matthey, UK) were selected as alternatives based on literature (Frankham and 
Kauppinen 2010; Kononova et al. 2010). The specialized chelating resin Lewatit TP 214 (iv, 
Lanxess AG, Germany), containing chelating thiourea groups, was included as well in this 
comparison as the resin is designed specifically for the selective removal of precious metals 
(PM). However, it needs to be noted that the exchange capacities of the alternative carriers 
were not determined for the studied Pt-complexes in this work but are based on literature 
data. While the four carriers are characterized by a similar exchange capacity, their prices 
differ strongly, which can be decisive in the total cost. 
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Table 6-2: The exchange capacity and estimated cost of four selected metal carriers. (*) The 
exchange capacity of the biomass was based on preliminary experiments, which made use of 
a higher PGM to biomass ratio, but the max. Pt recovery capacity was never determined. The 
stated exchange capacity might therefore be underestimated. (**) The purchase of larger 
quantities can reduce the unit price of Smopex fibres (unit price based on Alfa Aesar). 
Carrier Specification Exchange capacity 
(g Pt g-1 DM) 
Cost 
(€ g-1 
Ptrecovered) 
Reference 
(i) Biomass Halophiles 0.45 (*) 1.56 Price: 0.70 € g-1 DM 
(Appendix 6-1) 
(ii) Ion exchange 
resin 
Lewatit  
MP 600 
0.17 0.05 Lanxess AG; technical data 
sheet 
Price: 5 € L-1 resins 
(iii) Smopex Smopex-105 0.49 20.75 Johnson Matthey, UK 
Price: 10.12 € g-1 Smopex (**) 
(iv) PM specific 
resin 
Lewatit TP 214 0.14 0.21 Lanxess AG; technical data 
sheet 
Price: 20 € L-1 resins 
Subsequently, the amount of carrier needed and related operational cost for the different 
carriers can be calculated based on a specific case. 
Case study 1 
The different carriers are compared in a case study focusing on a low volume stream, 
characterized by a flow rate of 300 m3 y-1 and a Pt-concentration of 0.195 g Pt L-1. This stream 
comprises a yearly Pt recovery potential of 58 524 g Pt, worth € 1.8 million (USGS 2016c). This 
case-specific analysis shows that the metal scavenger Smopex is much more expensive 
compared to the other carriers, although unit prices might be reduced in case larger quantities 
are purchased (Table 6-3). This carrier might be more interesting for small-scale applications 
where legislative or quality regulations require high purity for the cleaned waste stream, as 
the Smopex fibres should be able to remove metals down to g L-1 concentrations (Frankham 
and Kauppinen 2010). The use of the anion exchange resin Lewatit MP 600 could offer a very 
cheap processing tool for metal recovery. The choice of resin will depend on the 
characteristics of the stream. Resin Lewatit MP 600 shows relatively poor adsorption 
selectivity for Pt in strongly acidic chloride media, resulting in the undesirable removal of other 
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anions from the stream, which might saturate the resins quickly. Since many industrial streams 
of interest contain high salt levels (g L-1 range) (Umeda et al. 2011), these resins would also 
sorb the present anions, leading to a faster exhaustion of the resins and a disproportionate 
consumption of regeneration chemicals. As observed in Chapter 4, saline conditions also slow 
down the Pt recovery by bacteria. The chelating resin Lewatit TP 214 should be suitable for 
selective PGM recovery. Based on a cultivation cost of 0.70 € g-1 DM, the use of bacteria would 
include a 7-fold higher operational cost compared to the specialized resin. However, this 
cultivation cost is based on prices for small-scale lab products. In practice, residue carbon 
sources such as molasses or glycerol could be applied. The use of molasses leads to a lowered 
cultivation cost of only 0.09 € g-1 DM and a carrier cost of 11 479 € y-1 for the studied case, 
making the use of biomass equally expensive as resin Lewatit TP 214 (see Appendix 6-1). In 
case relatively clean matrices have to be treated, resin Lewatit MP 600 could be used alone or 
combined with a more selective resin to lower the operational cost. 
Table 6-3: The amount of carrier needed and operational cost for four different carriers for 
the treatment of a waste stream containing 58 524 g Pt y-1. (*) Based on the biomass 
cultivation with molasses as carbon source. (**) The purchase of larger quantities can reduce 
the unit price of Smopex fibres. 
Carrier Price carrier 
(€ g-1) 
Mass carrier 
needed 
(g y-1) 
Cost 
(€ y-1) 
(i) Biomass 0.70 131 094 91 473 / 11 479 (*) 
(ii) Lewatit MP 600 0.008 343 636 2 727 
(iii) Smopex-105 10.12 (**) 120 000 1 214 400 
(iv) Lewatit TP 214 0.03 408 000 12 000 
2.2.2 Reactor set-up 
The reactor set-up and related capital expenses are estimated for the case of biomass and the 
case of Lewatit TP 214 resins, as both are suitable for Pt recovery from saline streams (see 
Appendix 6-2). For the studied stream with a flow rate of 0.82 m3 d-1, a single-stage biological 
reactor set-up is assumed consisting of a sequential batch reactor of 1 m3 (for example made 
of fiberglass reinforced plastic or rubber lined steel). The reactor cost can be estimated at € 
10 000, with an additional cost of € 3000 for the stirrer (Table 6-4). The Pt loaded biomass will 
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settle in the SBR, and will subsequently be dewatered until 30% DM (through e.g., filtration). 
The biomass can be further dewatered (until  45% DM with e.g., a filter press) but this will 
increase the cost. The combined cost for sludge cultivation and dewatering of the Pt loaded 
sludge will amount to 91 520 € y-1 (11 526 € y-1 in case molasses was used). The yearly cost of 
H2-dosage as electron donor is estimated at € 294 (an excess of 10 times the stoichiometrical 
need is assumed) (see Appendix 6-2). However, the dosage of H2-gas would implement 
additional safety precautions (e.g., ATEX zones) and equipment, increasing the expenses. 
Molasses could serve as an alternative electron donor. This residue product is much cheaper 
(15 € y-1) and easier to use, which is especially important for local, small-scale treatment 
facilities. 
Alternatively, the Lewatit TP 214 resins would be used in a cylindrical reactor, with a CAPEX of 
€ 10 000 (Table 6-4). A resin cost of 12 000 € y-1 needs to be taken into account. The single use 
of these resins is assumed since regeneration is not possible with usually applied regenerant 
solutions and incineration is recommended (according to technical data sheet of the resin; 
Lanxess AG). It is important to note that the given capital expenses only represent the reactor 
vessel cost, and exclude costs for pumps, automation and control, electric installation and 
engineering. The determination of these costs would require further technology 
development. Besides, it is assumed that the expenses for these items would be similar for 
both systems. Both processes could be automated and monitored through remote process 
control. Further research is also needed to determine operational costs regarding 
maintenance, sample analysis, utilities, and labor cost. 
Finally, both carriers could be processed through incineration to recover the platinum. 
Important to note is that the water content of the sludge or resins will influence the energy 
need for incineration. Based on a water content of 70% for the dewatered sludge and 57% for 
the resins (acc. to technical data sheet) and the total carrier mass needed, the incineration of 
the resins would require 2.5 times more energy compared to the biomass (974 kJ K-1 y-1 vs. 
384 kJ K-1 y-1). However, based on the use and price of natural gas, the cost for heating the 
water content would be negligible (< 10 € y-1). 
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Table 6-4: An estimation of the total costs of a reactor set-up for the treatment of a waste 
stream containing 58 524 g Pt y-1. The capital costs of the reactors were amortized at 3.5% 
over 10 years. (*) Based on the biomass cultivation with molasses as carbon source. 
Biomass Cost (€ y-1)  Resins Cost (€ y-1) 
SBR 1 563  Reactor 1 202 
Bacteria   TP 214 resins 12 000 
Cultivation 91 473 / 11 479 (*)    
Dewatering 47    
H2 294    
TOTAL 93 377 / 13 383 (*)  TOTAL 13 202 
Based on these technologies, the treatment of the studied stream, holding a theoretical value 
of 1.8 million € y-1, would cost about 13 400 or 93 400 € y-1 (0.23 or 1.6 € g-1 Ptrecovered) for the 
biometallurgical technology (depending on the used carbon feed for cultivation), compared 
to 13 200 € y-1 if resins are used (0.23 € g-1 Ptrec). 
Overall, case-specific conditions of the stream and process requirements will influence the 
choice of technology. A technology’s metal recovery kinetics and residual metal 
concentrations will have to be evaluated in detail, which was not the focus of this doctoral 
work. The evaluation of the microbial recovery potentials was limited by the ICP-OES’ 
detection limit (0.5 mg L-1), impeding the assessment of the metal recovery in the g L-1 
concentration range. Still, bacteria can be crucial in the treatment of specific waste streams, 
which contain for example more challenging complexes, such as the Pt-tetraamine complex. 
However, the more expensive preplatinized biomass was needed for the treatment of this 
type of waste streams. The biomass could be initially platinized by the dosage of an external 
Pt source, after which the Pt loaded biomass generated through the treatment of the stream 
would suffice to support the Pt-amine recovery. 
Case study 2 
In case a stream containing 0.09 g L-1 Pt at a flow rate of 1 500 m3 y-1 would have to be treated 
(theoretical value: 4.16 million € y-1), one can assume that the initial dosage of 0.1 g L-1 Pt as 
external source during the first day could be sufficient to initiate the Pt-amine recovery. The 
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biomass can be platinized for the first time through the treatment of another Pt stream, 
containing for example Pt-chlorides. This would require a single dosage of 411 g Pt, which 
would cost € 12 650 (see Appendix 6-3). Based on the Pt concentration and flow rate of this 
stream, a total Pt load of 135 kg Pt y-1 needs to be recovered. Based on the exchange capacity 
of 0.45 g Pt g-1 DM by the biomass, this would require 302.4 kg DM y-1. Therefore, the 
cultivation would cost 211 006 € y-1 (with LB) or 26 479 € y-1 (with molasses). Including Pt 
addition (€ 12 650), dewatering (109 € y-1), a SBR (1563 € y-1) and electron donor (678 € y-1 for 
H2 or 34 € y-1 for molasses), the total cost can vary from 226 005 € y-1 (cultivation on LB) to 40 
835 € y-1 (cultivation on molasses and use of molasses as electron donor). In comparison, a 
cost of 28 883 € y-1 was estimated for the Pt recovery by resins. The relative cost thus varies 
from 0.3 to 1.67 € g-1 Ptrecovered through biological recovery, compared to 0.21 € g-1 Ptrecovered 
in case of resins TP 214. However, it still needs to be investigated if the considered resins are 
able to recover the more challenging Pt-complexes. It needs to be noted that the cost for both 
reactor set-ups was assumed to be the same as in case 1, as no other data were available. A 
slightly higher capex could however be expected. The Pt loaded biomass could be further 
processed as discussed before (e.g. through incineration in a PGM refinery). 
Overall, this explorative economical evaluation indicates the interesting potential of the 
biometallurgical technologies. The biotechnologies can compete with specialized chelating 
resins, which are designed for selective PGM recovery. The most optimal, effective and 
sustainable technology will depend on the conditions of the stream. Relatively clean matrices 
can be treated by cheaper resins, whereas biomass will be suited for more challenging 
conditions. The biometallurgical technology needs to be further developed and finetuned for 
target streams. For example, more advanced biomass separation and dewatering 
technologies might have to be included for the treatment of highly saline streams. 
Biometallurgy can provide effective, flexible and economically feasible recovery technologies 
which can be included in existing flow sheets. They can be further optimized to maximize 
recovery while minimizing the ecological impact and the energy and chemicals demand of the 
recovery process. 
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3. Future perspectives 
3.1 Platinum recovery: further technological research 
This doctoral work provided the proof of concept for the biological platinum recovery from 
process and waste streams. Both on the fundamental and applied level of the technology, 
further characterization and improvements are needed. During the further development, 
several challenges will have to be addressed: 
 Mechanisms 
As mentioned before, the microbial recovery of platinum is characterized by a complicated 
chemistry, both on the microbial and chemistry level. Therefore, a more detailed 
characterization of the ongoing mechanisms and metal-bacteria interactions would be 
useful. New insights would help to further improve the technology by enhancing the metal 
recovery kinetics, to increase its competitiveness with other metallurgical processes. 
Furthermore, it is necessary to be able to adopt the developed technology to other 
resource streams. 
 Reactor set-up and performance 
This study provided the proof of concept on a small (batch) scale. During the next level, 
the recovery potential will have to be examined on reactor scale. The use of alternative 
residue carbon sources such as molasses or glycerol as carbon and electron donor needs 
to be investigated and its effect on the metal recovery performance of the microbial 
cultures of interest. The performance and robustness of the technology will have to be 
evaluated on reactor scale and in the long term. Therefore, different reactor set-ups can 
be explored and tested in lab-scale. An appropriate reactor set-up can be chosen 
depending on the waste stream characteristics and recovery requirements. Highly saline 
streams will probably require different or modified reactor set-ups, including more 
advanced biomass separation processes, as flocculation and settling of biomass might be 
hampered by the saline conditions. The effects of salts on reactor operation, biomass 
settling, flocculation and separation, will have to be investigated in the long term. 
Membrane bioreactors ensure a good membrane-assisted biomass separation and could 
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thus be considered and studied in such cases. Two-stage reactor set-ups should be tested 
to lower the effluent concentrations if required. 
Furthermore, the robustness of the technology needs to be examined for fluctuations in 
wastewater conditions such as varying metal concentrations or pH. Depending on the 
industrial activity which produces the Pt loaded waste stream, metal concentrations can 
vary in the short or longer term. It needs to be investigated if the biomass based 
technology remains reliable and stable in the longer term under varying conditions. 
Additionally, the maximal loading capacity of the biomass needs to be determined. This 
information is crucial for process optimization and process control. Based on the max. 
capacity, the dimension of the reactors will be determined, as well as the requirements 
for harvesting. 
 Multi-metal streams and metal selectivity 
The technology should be tested on multi-metal streams as well, to investigate its metal 
specific recovery performance and to assess the influence of other metals on the recovery 
of the precious metals. In case metal selectivity is desired, the biomass and/or technology 
will have to be modified. For example, a two-stage reactor set-up can be based on two 
different types of biomass, each suited for different (set of) metals, and each fed to a 
separate reactor. In general, technologies should rather focus on maximizing the metal 
recovery than on metal selectivity. Subsequently, metals can be selectively recovered 
during postprocessing. 
 Source separation 
Progress can be made as well by implementing source separation strategies, e.g., for urine 
or wastewater from the oncologic ward. Hereby, dilution of the precious chemotherapy 
complexes can be minimized. This separated collection will imply additional administrative 
and structural modifications. Due to their different matrix conditions (high pH, presence 
of ureum and possibly antimicrobial products), these streams will ask for a further 
modified and specified technology. 
 
General discussion and future perspectives 
165 
 Integration into a flow sheet 
Moreover, it should be investigated how the developed biotechnology can be integrated 
into a flow sheet consisting of existing metallurgical technologies. The metal loaded 
biomass needs to be characterized (e.g., metal and water content) to assess and examine 
possible postprocessing technologies. Postprocessing strategies can be explored to enable 
the recovery of dissolved metals from biomass in a single stage, for local, small-scale metal 
recovery activities. 
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3.2 The implementation of biometallurgy 
As stated in the beginning of this discussion, a solid inventory of all PGM containing streams 
is needed. This has to be combined with a thorough characterization of the streams in order 
to map the recovery potential. To induce the valorization of the waste streams, owners of 
these streams will have to be made aware of the potential of their streams and of the 
economic value, which can be created by recovering the metals. 
An integrated approach is needed to optimize metal recovery. Very diluted streams can be 
valorized if the integration into an existing flow sheet holds opportunities for recovery. If for 
example a biological wastewater treatment plant is operated to remove certain metals such 
as selenium and tellurium until discharge limits, other metal containing streams can be treated 
by this WWTP as well to recover their valuable metals. High volume, diluted PGM streams for 
example (with a few mg L-1 PGMs) should not be treated in a physicochemical treatment 
process anymore but can be treated in a more economically viable way in the existing 
biological treatment plant. Such integrated approach can be of interest in metal processing 
industries. 
Therefore, the proposed concept of a metallurgical toolbox needs to be further developed 
and implemented. This toolbox will provide the more integrated approach that is needed to 
valorize secondary sources and residues. The development and application of the recovery 
technologies perfectly contribute to the implementation of the circular economy and will 
require new business models. Furthermore, new incentives will be needed to stimulate the 
use of the recovered products. For example, effective regulation and adaptation of the tax 
system can help promoting the use of secondary resources in products, combined with a 
decreased usage of virgin materials. 
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 ABSTRACT 
The increasing world population, the striving for a high standard of living, the glory of high-
tech products and the emerging low-carbon energy technologies, have all together resulted 
in an ever-increasing demand for specialty metals. Unfortunately, the supply of these precious 
resources is unsteady, since the reserves are unequally distributed over the world and are 
often susceptible to geopolitical tensions. Besides, their primary mining is environmentally 
taxing. Manufacturing industries worldwide are highly dependent on the import of these 
crucial building blocks for modern day technologies, and want to secure the supply of these 
raw materials, which are therefore declared critical raw materials. These comprise two 
important groups of metals; the platinum group metals (PGMs), known for their excellent 
catalytic activities, and rare earth elements (REEs), essential in batteries and permanent 
magnets for their superconductivity and magnetism. As one of the main measures to be taken, 
metal recovery is essential to reduce the sensitive dependence on virgin materials, especially 
for resource-limited countries. Conventional metallurgical technologies are available for the 
recovery of valuable metals from highly concentrated waste streams, while economically 
viable recovery technologies for low concentrated streams are lacking. 
Currently, few technologies exist for the treatment of diluted streams, underlining the need 
for the development of effective, low-cost strategies for metal recovery. Biometallurgical 
technologies, based on microbe-metal interactions, are low in energy and chemicals 
consumption, unlike many conventional metallurgical technologies. They can serve as 
sustainable and environmentally friendly alternatives for metal recovery from low 
concentrated streams, such as secondary sources, residues, process and waste streams. 
Therefore, this work aimed at the investigation and development of biometallurgical 
technologies for PGM and REE recovery from liquid and solid waste streams and studied the 
metal recovery potential of different microbial strategies. Out of these metal groups, platinum 
(PGM), neodymium and lanthanum (REEs) are focused on. 
In a first research line, the biological recovery of platinum from aqueous streams was studied. 
Due to the growing importance of platinum, many Pt loaded waste streams exist, which might 
cause the accumulation of this precious metal in the environment. The biological recovery of 
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a selection of common Pt-complexes was studied to assess the fate of Pt-complexes once they 
have entered a traditional wastewater treatment plant or the environment. Five axenic 
microbial cultures, which might reside in such systems, were used; a G- Shewanella, 
Cupriavidus, Geobacter and Pseudomonas species, and a G+ Bacillus species. This study links 
the relationship between the Pt-speciation, which is highly dependent on the pH and chloride 
concentration of the target stream, and the microbial recovery and the effect on the microbial 
viability. Full recovery was achieved at pH 2 and in the presence of H2-gas as electron donor 
for the platinum chloro-complexes Pt(II)Cl42- and Pt(IV)Cl62- (which can result from leaching or 
metal refinery processes) and the chemotherapy complex cisplatin. A second commonly 
applied chemotherapy complex carboplatin was hardly recovered (max. 25%), while no 
recovery was observed in the case of the Pt-tetraamine complex Pt[NH3]4Cl2. A decrease in 
intact bacterial cells was seen during platinum reduction, and indicated Cupriavidus 
metallidurans to be the most resistant species. 
Herewith, a proof of concept was given for the biological recovery of different platinum 
complexes under circumneutral conditions. These tests are representative for the conditions 
of ‘friendly’ matrices such as hospital and municipal wastewaters. Yet, many industrial streams 
are characterized by more harsh conditions such as extreme pH values and the distinct 
presence of salts or contaminants. The well-studied microbial species such as Shewanella or 
Geobacter are generally not able to withstand such challenging conditions. Halophilic species 
to the contrary originate from hypersaline extreme environments and could possibly cope 
with these conditions. This inspired us to explore the use of halophilic mixed cultures, enriched 
from Artemia cyst samples originating from a salt lake. Cultures were enriched in different salt 
matrices (20 – 210 g L-1 salts; sea salt mixture and NH4Cl) and at low to neutral pH (pH 3 – 7). 
High throughput sequencing revealed the main taxonomic families present in these halophilic 
enrichments; Halomonadaceae, Bacillaceae, and Idiomarinaceae. The halophilic cultures 
recovered 98% Pt(II)Cl42- and 97% Pt(IV)Cl62- at pH 2 and 24.1 g L-1 salts. The platinum was 
reduced and precipitated both intra- and extracellularly. This demonstrated the ability of 
mixed halophilic cultures to recover platinum from process streams and to withstand such 
challenging conditions. 
Next, closer-to-application conditions are developed to test the robustness and application 
potential of the halophilic enrichments. The most appropriate halophilic mixed culture was 
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selected for use in real industrial streams, characterized by more complex matrix conditions 
compared to synthetic lab streams. The halophiles demonstrated their suitability for acidic 
and saline conditions as they were able to recover 79 – 99% Pt(II)Cl42- at 20 – 80 g L-1 salts and 
pH 2.3. Halophilic cells, with preprecipitated Pt particles on their cell wall, were even able to 
recover the Pt-tetraamine complex from a real process stream (46 – 95% recovery). High 
recoveries were maintained during sequential batch treatments. These experiments showed 
the recovery from a refinery process stream and the transformation of soluble Pt from diluted 
streams into Pt rich biomass, which can easily be separated. 
A second research line focused on the recovery of REEs (especially neodymium and lanthanum 
as a proxy for the light REEs) from solid streams such as the mineral ore monazite. Since 
conventional extraction techniques are chemical and energy intensive and produce toxic 
waste streams, the development of an environmentally friendly REE extraction and recovery 
technology based on bioleaching and membrane electrolysis was aimed at. The effective 
leaching from pretreated (roasted) monazite by citric acid was demonstrated in sequential 
batch experiments; up to 392 mg L-1 Nd and 281 mg L-1 La were leached. The electrochemical 
system concomitantly extracted and precipitated Nd as Nd-hydroxides in the catholyte (up to 
880 mg L-1 Nd), while thorium and citrate and unwanted counterions such as phosphate were 
separated into the anolyte. Citrate could be recovered from this anolyte to treat the next 
batch of monazite. This study shows a promising REE recovery technology that could be 
suitable for both primary and secondary resources, such as mine tailings and metallurgical 
slags. 
Finally, potential interesting streams can be selected. Since the matrix conditions of the waste 
streams determine the metal recovery technology (pH, salts, metal speciation, dilution), a 
strategy can be developed for selecting the most appropriate technology. Depending on the 
industrial operation and requirements, waste streams can be treated in batch or continuously, 
in sequential batch reactors or membrane bioreactors. Through settling or filtration, the Pt 
loaded biomass can be separated from the treated stream. To implement maximal metal 
recovery in a circular economy, a metallurgical toolbox can be designed, consisting of a series 
of metallurgical technologies to pretreat the stream, extract the metals and valorize the 
residual matrix. Finally, an economic evaluation can be made, including an assessment of the 
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intrinsic value of the stream and an estimation of the capital and operation expenses of the 
implemented technology. 
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 SAMENVATTING 
De toenemende wereldbevolking, het streven naar een hoge levensstandaard, de populariteit 
van de ‘high tech’ producten en de opkomende technologieën voor groene energie, leiden 
allemaal samen tot een steeds groter wordende vraag naar speciale metalen. Deze 
waardevolle grondstoffen worden echter gekenmerkt door een onstabiele toevoer, gezien 
hun reserves ongelijk verspreid zijn over de wereld en de toevoer bovendien onderhevig is 
aan geopolitieke spanningen. Daarnaast is hun primaire ontginning milieubelastend. 
Industrieën wereldwijd zijn sterk afhankelijk van de import van deze cruciale bouwstenen van 
moderne technologieën en willen dan ook de toevoer van deze kritieke grondstoffen 
veiligstellen. Twee belangrijke groepen van metalen worden beschouwd als kritiek; de platina 
groep metalen (PGM), die gekend zijn om hun zeer goede katalytische eigenschappen, en de 
zeldzame aardmetalen (REE), die omwille van hun sterke geleidbaarheid en magnetisme 
essentieel zijn voor batterijen en permanente magneten. Het inzetten op metaalrecuperatie 
is cruciaal om de gevoelige afhankelijkheid van onontgonnen grondstoffen te helpen verlagen, 
zeker voor landen die over weinig middelen beschikken. Conventionele metallurgische 
technologieën zijn beschikbaar voor de recuperatie van waardevolle metalen uit sterk 
geconcentreerde afvalstromen, terwijl technologieën ontbreken om metalen op een 
economisch rendabele manier te recupereren uit laag geconcentreerde stromen. 
Momenteel bestaan er slechts enkele technologieën voor de behandeling van verdunde 
stromen, wat de noodzaak onderstreept voor de ontwikkeling van effectieve en goedkope 
strategieën voor metaalrecuperatie. Biometallurgische technologieën zijn gebaseerd op 
bacterie-metaal interacties en kennen, in tegenstelling tot vele conventionele technologieën. 
een laag energie- en chemicaliën verbruik. Deze kunnen een duurzaam en milieuvriendelijk 
alternatief vormen voor de recuperatie van metalen uit laag geconcentreerde stromen, zoals 
secondaire stromen, residuen, proces- en afvalwater. Dit doctoraatswerk beoogde dan ook 
het onderzoek en de ontwikkeling van biometallurgische technologieën voor de recuperatie 
van PGM’s en REE’s uit vloeibare en vaste afvalstromen en bestudeerde het potentieel van 
verschillende microbiële strategieën voor metaalrecuperatie. Binnen deze metaalgroepen 
werd voornamelijk op platinum (PGM), neodymium en lanthaan (REE) gefocust.
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Binnen een eerste onderzoekslijn werd de biologische recuperatie van platinum (Pt) uit 
waterige afvalstromen onderzocht. Het toenemend gebruik van platinum leidt tot de 
productie van vele met platinum beladen afvalstromen, die mogelijks kunnen leiden tot de 
accumulatie van platinum in het milieu. De biologische recuperatie van enkele veel 
voorkomende Pt-complexen werd dan ook bestudeerd om zo het lot van deze Pt-complexen 
in te schatten wanneer deze in een traditionele waterzuiveringsinstallatie of het milieu 
terechtkomen. Vijf pure bacteriële culturen, die in zulke systemen aanwezig kunnen zijn, 
werden hiervoor gebruikt; Gram-negatieve species van Shewanella, Cupriavidus, Geobacter 
en Pseudomonas en een Gram-positieve Bacillus species. Deze studie legt de link tussen de Pt-
speciatie enerzijds, die sterk afhankelijk is van de pH en chlorideconcentratie van de stroom, 
en de bacteriële verwijdering en viabiliteit anderzijds. Een volledige recuperatie werd bereikt 
voor de platinum chloride complexen Pt(II)Cl42- en Pt(IV)Cl62- en het chemotherapiecomplex 
cisplatin, bij pH 2 en in de aanwezigheid van waterstofgas als elektron donor. Een tweede vaak 
gebruikt chemotherapiecomplex carboplatin kon moeilijk verwijderd worden (max. 25%), 
terwijl helemaal geen verwijdering werd opgetekend voor het Pt-tetraamine complex 
Pt[NH3]4Cl2. Verder nam het aantal intacte bacteriële cellen af gedurende platinumreductie 
en werd Cupriavidus metallidurans geïdentificeerd als meest resistente species. 
Deze testen gaven een ‘proof of concept’ voor de biologische recuperatie van verschillende 
platinum complexen onder neutrale omstandigheden. Deze testen zijn representatief voor de 
condities van weinig complexe stromen zoals ziekenhuis- en huishoudelijk afvalwater. Vele 
industriële stromen worden echter gekenmerkt door moeilijkere condities zoals een extreme 
pH en de uitgesproken aanwezigheid van zouten of contaminanten. De goed bestudeerde 
bacteriële species zoals Shewanella en Geobacter zijn in het algemeen niet in staat zulke 
uitdagende condities te weerstaan. Halofiele species daarentegen zijn afkomstig van extreme 
zoutrijke milieus en zijn dus mogelijks bestand tegen deze condities. Dit inspireerde ons om 
het gebruik van halofiele mengculturen te gaan testen, die aangereikt werden vanuit Artemia 
cysten uit een zoutmeer. Culturen werden aangereikt in verschillende zoutmatrices (20 – 210 
g L-1 zouten; zeezoutmatrix en NH4Cl) en bij lage tot neutrale pH. Met behulp van sequencing 
werden de voornaamste taxonomische families geïdentificeerd die aanwezig waren in de 
halofiele aanrijkingen; Halomonadaceae, Bacillaceae en Idiomarinaceae. De halofiele culturen 
konden 98% Pt(II)Cl42- en 97% Pt(IV)Cl62- verwijderen bij pH 2 en 24.1 g L-1 zouten. Platinum 
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werd gereduceerd en precipiteerde als intra- en extracellulaire partikels. Dit toonde aan dat 
de halofiele mengculturen in staat zijn platinum te recupereren vanuit processtromen en 
tegelijk ook zulke uitdagende condities kunnen weerstaan. 
Vervolgens werden meer toegepaste condities gebruikt om de robuustheid en de praktische 
toepasbaarheid van deze halofiele aanrijkingen te testen. De meest geschikte halofiele 
mengcultuur werd hierbij geselecteerd om te gebruiken in reële industriële stromen, die 
gekenmerkt worden door meer complexe condities in vergelijking met synthetische 
testoplossingen. De halofielen waren in staat 79 – 99% Pt(II)Cl42- te recupereren bij een 
zoutconcentratie van 20 tot 80 g L-1 en pH 2.3, waarmee hun compatibiliteit voor zure en zoute 
condities aangetoond werd. Verder waren halofiele cellen in staat 46 tot 95% van het Pt-
tetraamine complex te recupereren uit een reële processtroom, nadat eerst Pt partikels waren 
afgezet op de celwand van de gebruikte bacteriën. Hoge verwijderingsefficiënties konden in 
stand gehouden worden tijdens sequentiële batch experimenten. Deze experimenten 
toonden aan dat de recuperatie uit een processtroom mogelijk is en dat oplosbaar platinum 
uit waterige stromen kan omgezet worden in biomassa die aangereikt is met Pt, waarna deze 
biomassa gemakkelijk kan afgescheiden worden. 
Binnen een tweede onderzoekslijn werd gefocust op de recuperatie van zeldzame 
aardmetalen (voornamelijk neodymium, Nd, en lanthaan, La) uit vaste stromen zoals het 
mineraal monaziet. Met het oog op het vinden van een alternatief voor de conventionele 
extractietechnieken die veel chemicaliën en energie verbruiken en toxische afvalstromen 
produceren werd een milieuvriendelijke REE extractie en recuperatie technologie ontwikkeld, 
gebaseerd op biologische uitloging en membraanelektrolyse. De effectieve uitloging uit 
voorbehandeld monaziet door citroenzuur werd aangetoond in sequentiële batch 
experimenten; er werd tot 392 mg L-1 Nd en 281 mg L-1 La geloogd. Het elektrochemische 
systeem extraheerde tegelijkertijd Nd in de kathode (tot 880 mg L-1 Nd) waar het precipiteerde 
als Nd-hydroxides. Thorium, citraat en het tegenion fosfaat werden tegelijk afgescheiden in 
de anode. Citraat kan vervolgens gerecupereerd worden uit deze anodevloeistof om opnieuw 
monaziet te logen. Deze studie toont een veelbelovende REE recuperatie technologie die 
geschikt kan zijn voor zowel primaire als secundaire bronnen, zoals mijnafval en 
metallurgische slakken. 
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Ten slotte kan een selectie gemaakt worden van potentieel interessante stromen. Aangezien 
de matrix condities van de afvalstromen de keuze voor de metaalrecuperatie technologie 
bepalen (zoals pH, zouten, metaalspeciatie, verdunning) dient een strategie ontwikkeld te 
worden om de meest geschikte technologie te kunnen bepalen. Afhankelijk van de industriële 
activiteiten en vereisten kunnen afvalstromen in batch of continu behandeld worden en in 
sequentiële batch reactoren of membraan bioreactoren. De met Pt beladen biomassa kan 
d.m.v. bezinking of filtratie afgescheiden worden van de behandelde waterige stroom. Om tot 
een maximale metaalrecuperatie te komen in een circulaire economie kan een metallurgische 
‘toolbox’ opgesteld worden. Deze bevat een reeks metallurgische technologieën om de 
stroom voor te behandelen, de metalen te extraheren en de residuele matrix te gaan 
valoriseren. Ten laatste kan dan een economische analyse gemaakt worden, bestaande uit de 
bepaling van de eigenlijke waarde van de stroom en een inschatting van de investerings- en 
operationele kosten van de beoogde technologie. 
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 APPENDICES 
Appendix 1-1 
 
Figure Appendix 1-1: Talvivaara bioheap leaching process (Finland) (Saari and Riekkola-
Vanhanen 2012). 
 
Figure Appendix 1-2: Process flow sheet Barrick with bioleaching (Zaldivar, Chile) (Barrick 
2014). 
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Figure Appendix 1-3: Boliden copper production flow sheet (Harjavalta smelter, Finland) 
(Mulenshi 2015). 
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Appendix 2-1: X-ray absorption spectroscopy on Pt loaded 
axenic cultures 
 
Figure Appendix 2-1: (A) Extended X-ray Absorption Fine Structure (EXAFS) spectra and their 
(B) Fourier Transforms (FT) of biomass pellet samples after Pt(II)Cl42- recovery by three 
bacterial species: Geobacter metallireducens, Cupriavidus metallidurans CH34 and Shewanella 
oneidensis MR-1. 
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Figure Appendix 2-2: (A) Extended X-ray Absorption Fine Structure (EXAFS) spectra and their 
(B) Fourier Transforms (FT) of biomass pellet samples after Pt(IV)Cl62- recovery by two 
bacterial species: Geobacter metallireducens and Shewanella oneidensis MR-1. 
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Appendix 3-1: High throughput sequencing of halophilic 
mixed cultures 
A phylogenetic tree containing the most important species generally present in the 13 
halophilic mixed cultures, and their closest related known species is presented in Figure 
Appendix 3-1. As demonstrated by Figure 3-1 (Chapter 3), a rather broad spectrum of species 
belonging to phyla Bacteroidetes, Firmicutes and Proteobacteria dominated the halophilic 
cultures. The generated rarefaction curve clearly shows that sampling depth was sufficient, as 
the plateau phase was reached for each sample (Figure Appendix 3-2). 
 
Figure Appendix 3-1: Phylogenetic tree representing the dominant OTUs present in the mixed 
halophilic cultures, and their phylogenetically closest known isolated relatives. The dominant 
phyla are indicated in the tree: Firmicutes (), Proteobacteria () and Bacteroidetes (). 
Appendices 
180 
 
Figure Appendix 3-2: Rarefaction curve for the investigated halophilic cultures indicating the 
number of OTUs as a function of the number of reads. 
Appendix 3-2: X-ray absorption spectroscopy on Pt loaded 
halophiles 
Figures Appendix 3-3 and 3-4 show the A) Extended X-ray Absorption Fine Structure (EXAFS) 
spectra and their (B) Fourier Transforms (FT) of biomass pellet samples after Pt(II) recovery 
and Pt(VI) recovery, respectively, by four halophilic cultures. While Pt-biomass EXAFS and FT 
most closely resemble Pt(0) metal foil, the biomass-Pt FT’s show low-R shoulders on the Pt-Pt 
shell, which is especially pronounced for S105M. 
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Figure Appendix 3-3: (A) Extended X-ray Absorption Fine Structure (EXAFS) spectra and their 
(B) Fourier Transforms (FT) of biomass pellet samples after Pt(II)Cl42- recovery (100 mg L-1 Pt) 
by four halophilic mixed cultures: S105L, S105M, S70N and A70N. The first atomic shells of Pt-
O and Pt-Pt bonds are identified in the FTs for aqueous Pt(II) species and metallic Pt(0), 
respectively. 
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Figure Appendix 3-4: (A) Extended X-ray Absorption Fine Structure (EXAFS) spectra and their 
(B) Fourier Transforms (FT) of biomass pellet samples after Pt(IV)Cl62- recovery (100 mg L-1 Pt) 
by four halophilic mixed cultures: S105L, S105M, S70N and A70N. The first atomic shells of Pt-
O and Pt-Pt bonds are identified in the FTs for aqueous Pt(IV) species and metallic Pt(0), 
respectively. 
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Appendix 4-1: Pt-speciation in the presence of salts 
 
Figure Appendix 4-1: Platinum(II) speciation as a function of pH at 20 g L-1 salts (PBS, sea 
salts and NH4Cl) as calculated by OLI simulation software. Pt(II) mainly forms PtCl42- and 
PtCl3(H2O)- complexes. Mind the different scale on the x-axes. 
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Appendix 5-1: Neodymium speciation 
Figure Appendix 5-1 shows the simulated neodymium speciation in the catholyte as a function 
of the Nd loading. 
 
Figure Appendix 5-1: Neodymium speciation in the catholyte (pH 13.5) as a function of the 
Nd2(CO3)3 loading, as calculated by OLI simulation software. All Nd is present as solid Nd(OH)3. 
Appendix 5-2: Selection of ion exchange membranes and 
current density for the electrochemical extraction of 
neodymium 
Preliminary experiments were conducted to determine optimal membrane types and current 
densities for the electrochemical extraction of neodymium. Tests were carried out in a 2-
compartment electrochemical system (cathode, anode; both 0.128 L internal volume), using 
NdCl3 as the synthetic neodymium source. The initial catholyte and anolyte contained 
respectively 5 mM Na2SO4 and 200 mg L-1 Nd (as NdCl3) in 0.5 M citric acid. 
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Influence of CEM on Nd extraction 
Three different membrane types were tested on their neodymium extraction efficiency in the 
2-compartment system: Fuji, Fumasep and Membrane International. Cathode and anode were 
run continuously at a flow rate of 1 L d-1 and a current density of 30 A m-2 was applied. The 
neodymium flux, as measured in the catholyte, increased along the order: Membrane 
International < Fumasep < Fuji (Figure Appendix 5-2). Fuji was selected as the most optimal 
cation exchange membrane (CEM) for subsequent experiments. In 3-compartment systems, 
Membrane International had to be used as anion exchange membrane due to water flux 
problems across the membrane with Fuji and Fumasep. 
 
Figure Appendix 5-2: The influence of the cation exchange membrane on the neodymium 
flux was investigated in a 2-compartment system. The Nd fluxes were calculated based on the 
Nd concentrations in the cathode after a hydraulic retention time of 5 hours. The initial anolyte 
contained 200 mg L-1 Nd as NdCl3 and 0.5 M citric acid, the catholyte 5 mM Na2SO4. Three 
types of cation exchange membranes were tested: Fuji, Fumasep and Membrane International. 
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Influence of current density on Nd extraction 
The extraction of neodymium was tested at different current densities (0 – 30 A m-2) during 
an 18 hours-experiment in the 2-compartment system (Figure Appendix 5-3). The neodymium 
flux, as measured by the Nd increase in the catholyte, decreased as a function of time since 
the driving force was maximal at the start of the experiment (anode in batch mode). Maximal 
recovery was obtained at a current density of 30 A m-2. 
 
Figure Appendix 5-3: The influence of the current density (0 - 30 A m-2) on the neodymium 
flux was tested in the 2-compartment system. The neodymium fluxes were calculated based 
on the increase in neodymium concentration in the catholyte between two sampling points 
and are indicated as intermediate points on the graph. The initial anolyte contained 200 mg 
L-1 Nd as NdCl3 and 0.5 M citric acid, the catholyte 5 mM Na2SO4. 
Moreover, the influence of the current density (0 – 40 A m-2) on the Nd extraction was also 
investigated in a 3-compartment system, using a NdPO4 solution (100 mg L-1 Nd, 0.5 M citric 
acid) (Chapter 5, Figure 5-8). Lower Nd fluxes were obtained compared to the NdCl3 tests (3.5 
vs. 20 – 30 g Nd m-2 d-1), as the lower initial Nd concentration decreased the driving force for 
extraction (100 vs. 200 mg L-1 Nd) and a different Nd source (NdPO4 vs. NdCl3) and process 
design were used (3 vs. 2-compartment cell). 
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Investigation of the neodymium recovery at cathode 
To explore the neodymium recovery potential in the cathode, the anode was continuously fed 
at a flow rate of 1 L d-1, while the cathode was run in batch mode. The anolyte and catholyte 
compositions were the same as before. The neodymium concentration increased up to 270 
mg L-1 Nd and was slightly higher in case of a Fuji CEM compared to Fumasep CEM (Figure 
Appendix 5-4). 
 
Figure Appendix 5-4: The neodymium recovery in the cathode as a function of time. The 
anode was run continuously (1 L d-1, 200 mg L-1 Nd as NdCl3 and 0.5 M citric acid), the cathode 
was run in batch mode (5 mM Na2SO4). Both tested Fuji and Fumasep membranes were CEM. 
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Investigation of the neodymium removal at anode 
The neodymium concentration in the anode was investigated during an extraction 
experiment. Both anode (2 L) and cathode (1 L) were run in batch mode. Neodymium 
concentrations were lowered to low levels without back diffusion (Figure Appendix 5-5). 
 
Figure Appendix 5-5: Neodymium concentration in the anode as a function of the number of 
anodic HRTs. Anode (2 L d-1, 200 mg L-1 Nd as NdCl3 and 0.5 M citric acid) and cathode (5 mM 
Na2SO4) were run in batch mode. Both tested Fuji and Fumasep membranes were CEM. 
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Appendix 6-1: Cost calculation for biomass cultivation 
Cultivation on LB 
The economic analysis focuses on the use of halophilic biomass cultivated at 105 g L-1 salts 
(Instant Ocean). The cost for biomass cultivation was based on the following assumptions: 
 A cell dry weight of 1.81 g DM L-1 
 Cost of LB: 1.11 € L-1 medium (55.6 € kg-1; Carl Roth) 
 Cost of salt addition: 0.15 € L-1 medium (1.4 € kg-1; Petco Store) 
Based on the cost of the medium (1.26 € L-1), a cultivation cost of 0.70 € g-1 DM was estimated. 
Cultivation on molasses 
The cultivation cost for halophilic biomass was also calculated in case molasses would be used 
as carbon source. Following assumptions were made: 
 A cell yield of 0.4 g CDW g-1 CODconsumed 
 Molasses characteristics: 
o BOD content = 260 g L-1 (Spanoghe 2016) 
o Price = 348 € ton-1 (personal communication) 
o Density = 1.3 kg L-1 
During cultivation of the halophilic biomass, a cell dry weight of 1.81 g DM L-1 is obtained. 
Based on the cell yield, the feed should contain 4.53 g COD L-1. This can be delivered through 
the addition of 0.023 kg molasses L-1 medium (based on the full consumption of the present 
BOD), resulting in a cost of 0.01 € L-1 medium. The use of Instant Ocean in the medium (105 g 
L-1 salts) increases the medium cost to 0.16 € L-1. This leads to a cultivation cost of 88 € kg-1 
DM and a carrier cost of 0.20 € g-1 Ptrecovered. For the studied waste stream described in § 2.2.1 
of Chapter 6 (case study 1), a total cultivation cost of 11 479 € y-1 is estimated for the recovery 
of 58 524 g Pt y-1. 
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Appendix 6-2: Cost calculation for biological Pt recovery (case 
study 1) 
To estimate the capital expenses for a biometallurgical technology, following data and 
assumptions were used. The technical assumptions and cost for sludge dewatering are based 
on conventional processes as appropriate information is lacking for young (short residence 
time) bacterial cells. 
Table Appendix 6-1: Data used for the determination of the dimensions of a biometallurgical 
reactor. 
Parameter Value Unit Reference 
Pt recovery rate 0.0147 g Pt g-1 DM h-1 Chapter 4 
Biomass concentration 
reactor 
1.12 g DM L-1 Assumed 
Exchange capacity 0.45 g Pt g-1 DM Based on prelim. exp. 
 
Table Appendix 6-2: Capital expenses for reactor vessels and cost for sludge dewatering. 
Parameter Cost Unit Reference 
Reactor (1 m3) 10 000 € Personal comm. 
Stirrer 3 000 € Personal comm. 
Reactor for resins 10 000 € Personal comm. 
Sludge dewatering to 
25 – 35% DM 
250 € ton-1 DM (Rabaey and 
Verstraete 2016) 
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Electron donor 
The dosage of the electron donor was based on an excess of 10 times the stoichiometrical 
need for the reduction of the amount of platinum(II) present in the waste stream. To calculate 
the required molasses dosage, molasses was simplified to sucrose. The cost calculation was 
based on the following prices: 4 € m-3 H2 (De Corte 2013) and 348 € ton-1 molasses (personal 
communication). 
Appendix 6-3: Cost calculation for biological recovery of Pt-
amine stream (case study 2) 
For the treatment of the Pt-amine stream, an HRT of 24 h was assumed to allow recovery of 
the Pt-complex. Based on this HRT, a reactor volume of 4.11 m3 would be required. If an initial 
Pt-concentration of 0.1 g Pt L-1 needs to be established, 411 g Pt would need to be dosed to 
the reactor that would contain 4 600 g DM (assuming a single dosage of external Pt during the 
first day would be sufficient to initiate the recovery process). This Pt dosage would cost € 12 
650. Table Appendix 6-3 gives the estimation of the total cost for case study 2. 
Table Appendix 6-3: An estimation of the total costs of a reactor set-up for the treatment of 
a waste stream containing 135 kg Pt y-1. The capital costs of the reactors were amortized at 
3.5% over 10 years. (*) Based on the biomass cultivation with molasses as carbon source. Total 
cost of the biomass based technology is given for two different electron donors (H2 or 
molasses). 
Biomass Cost (€ y-1)  Resins Cost (€ y-1) 
SBR 1 563  Reactor 1 202 
Bacteria   TP 214 resins 27 681 
Cultivation + Pt 223 655 / 39 129 (*)    
Dewatering 109    
H2 as electron donor 678    
Molasses as electron 
donor 
34    
TOTAL         w/ H2 226 005 / 41 479 (*)  TOTAL 28 883 
                     w/ molasses 225 361 / 40 835 (*)    
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